Extending single-­molecule fluorescence spectroscopy methods to study protein conformation and dynamics of complex biological systems by Hänni, Dominik








Extending single- molecule fluorescence spectroscopy methods to study
protein conformation and dynamics of complex biological systems
Hänni, Dominik





Hänni, Dominik. Extending single- molecule fluorescence spectroscopy methods to study protein confor-
mation and dynamics of complex biological systems. 2012, University of Zurich, Faculty of Science.
Extending Single-Molecule Fluorescence
Spectroscopy Methods to Study Protein















Prof. Dr. Benjamin Schuler (Vorsitz)
Prof. Dr. Amedeo Caflisch
Prof. Dr. Peter Hamm
Zürich, 2012
Summary
How proteins behave in the unfolded state and how they sample the available conformational
space for their native structure is a subject of ongoing research and dispute. The discovery
of molecular chaperones which assist misfolded and unfolded proteins in finding their native
structure has added an additional dimension of complexity to these questions. Confinement
and molecular crowding as found within a living cell transforms our concept of protein folding
as a reaction driven by intramolecular interactions to a process influenced by various intra- and
intermolecular forces and effectors. In the work presented here, we systematically investigated
fundamental aspects of protein folding, dynamics and protein-protein interactions. This was
facilitated by the use of several biophysical techniques, particularly single-molecule Förster
resonance energy transfer (FRET). To overcome intrinsic limitations in the classical FRET
approach, such as the reduced sensitivity at short distances, novel experimental strategies
were developed.
Precise control of the sample temperature on the confocal microscope together with chemi-
cal additives to enhance fluorophore stability and brightness allowed us to study the dimension
of the unfolded state of the small cold shock protein CspTm and of the intrinsically disor-
dered protein prothymosin α at various temperatures and denaturant concentrations. For both
proteins, which differ significantly in terms of chemical composition and folding behavior, a
remarkable compaction at increased temperatures was found. A systematic investigation of
the underlying effects together with replica exchange molecular dynamics simulations in ex-
plicit water revealed intramolecular hydrogen bonds as the the most probable source for the
compaction at higher temperatures.
Different variants of fluorescently labeled bovine liver rhodanese, a highly aggregation
prone two-domain protein, were used as a model system for protein-chaperone interactions.
Refolding rhodanese in presence of GroEL led to a quantitative binding to the chaperone. We
studied the conformations and dynamics of rhodanese in the resulting complexes with GroEL
using single-molecule spectroscopy and time-resolved anisotropy experiments. To extend the
accessible timescale of the single-molecule experiments, surface immobilization experiments
were performed. From these experiments and Brownian dynamics Monte Carlo simulations of
orientationally restricted fluorophores we obtained information about the conformation and
dynamics of the GroEL bound rhodanese. It was possible to show that rhodanese is bound to
GroEL as a partially structured folding intermediate with a rather well-defined ensemble of
conformations. Thorough investigation of the inter-dye dynamics from ns to hundreds of ms
revealed no observable long-range dynamics within the bound rhodanese. In addition to the
biological implications of these experiments such as the lack of long-range dynamics, we also
showed how to obtain structural information in presence of restricted fluorescent dye motion.
Next, the folding kinetics of rhodanese within the chaperonin cavity, formed by GroEL
and its co-chaperone GroES, were measured using single-molecule FRET experiments. In
order to perform time-resolved experiments of the initial binding of GroES to the GroEL
rhodanese complex, we combined single-molecule FRET with microfluidic mixing. To acquire
more specific information about the enthalpic and entropic contributions of the chaperone-
substrate interactions during folding, temperature dependent measurements were carried out.
In contrast to the popular picture that suggests an active assistance of folding in addition to
the prevention of aggregation, we found a rather unexpected picture for chaperone-assisted
rhodanese folding. Whereas the folding rate of the N-terminal domain of rhodanese was not
affected by the encapsulation within GroEL/ES, the C-terminal domain showed a significant
deceleration in folding. From these results we concluded that there is no universal mechanism
of GroEL/ES action. Depending on the substrate and the resultant intra- and intermolecular
interactions, the influence on the folding speed and the specific mechanism of GroEL/ES
action may be diverse.
Finally, a novel experimental approach that combines FRET and photoinduced electron
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transfer (PET) quenching and therefore delivers information about short and long-range dy-
namics within the same molecule at the same time was developed. As a test system, peptides
consisting of stiff polyprolines carrying the FRET dyes and a tryptophan residue on a flexible
linker as a PET quencher were produced. High resolution fluorescence correlation data ob-
tained from these peptides were fitted with advanced photon statistical models. Additionally,
the N-terminal domain of HIV-1 integrase, an intrinsically disordered protein, was studied
using this novel approach. The PET quenching of the introduced fluorescent dyes was caused
by a single intrinsic tryptophan in the native protein sequence. With a tryptophan-free vari-
ant as a control, the feasibility of separating the dynamic contributions of FRET and PET
dynamics was proven. Due to the effect of quenching on the apparent transfer efficiency and
therefore the distance information obtained by single-molecule FRET experiments, accurate
strategies to measure and separate these contributing factors are crucial to obtain reliable
results from single-molecule experiments. Since the FRET and PET probes can be separated
onto different interacting proteins, future applications of this approach may include combined
studies of multi-protein interactions and dynamics.
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Zusammenfassung
Wie sich Proteine im entfalteten Zustand verhalten und wie sie den verfügbaren konforma-
tionellen Raum nach ihrer nativen Struktur absuchen, ist ein kontroverses Thema, an dem
intensiv geforscht wird. Die Entdeckung von molekularen Chaperonen, welche un- und fehlge-
faltete Proteine darin unterstützen, ihre native Konformation zu finden, hat die Komplexität
dieser Fragestellung um eine zusätzliche Dimension erweitert. Zelluläre Faktoren wie Mole-
cular Crowding und unterschiedlichste Interaktionspartner transformieren unser Konzept der
Proteinfaltung von einer Reaktion, welche durch intramolekulare Interaktion getrieben ist,
zu einem Prozess, in welchem intra- und intermolekulare Kräfte und Effektoren eine Rolle
spielen. In der hier präsentierten Arbeit wurden fundamentale Aspekte der Proteinfaltung,
der Proteindynamik und von Protein-Protein-Interaktionen systematisch untersucht. Um die-
ses Ziel zu erreichen, wurden verschiedenste biophysikalische Methoden, im speziellen Förster
Resonanz Energie Transfer (FRET) mit Einzelmolekülauflösung, verwendet. Um intrinsische
Beschränkungen des klassischen FRET Ansatzes, wie z.B. die verminderte Sensitivität bei
kurzen Distanzen, zu überwinden, wurden neuartige experimentelle Strategien entwickelt.
Die präzise Kontrolle der Probentemperatur auf dem konfokalen Mikroskop zusammen
mit chemischen Zusätzen, welche die Stabilität und Helligkeit der verwendeten Fluoreszenz-
farbstoffe verbesserten, erlaubte es uns, die Ausdehnung des entfalteten Zustandes für das
kleine Kälteschockprotein CspTm und für das intrinsisch unstrukturierte Protein Prothy-
mosin α bei unterschiedlichen Temperaturen und Konzentrationen an Denaturierungsmitteln
zu messen. Für beide Proteine, welche sich in ihrer chemischen Zusammensetzung signifi-
kant unterscheiden, wurde eine bemerkenswerte Kompaktierung der entfalteten Zustände bei
erhöhten Temperaturen gefunden. Eine systematische Untersuchung der zugrundeliegenden
Effekte, zusammen mit Replica Exchange Simulationen in explizitem Wasser, zeigte, dass
Wasserstoffbrücken die wahrscheinlichste Ursache für die Kompaktierung bei höheren Tem-
peraturen sind.
Unterschiedliche Varianten von mit Fluoreszenzfarbstoffen markierter Rhodanese, einem
stark aggregationsanfälligen Zweidomänenprotein aus der Rinderleber, wurden als Modellsys-
tem für Protein-Chaperon-Interaktionen verwendet. Rückfaltung von Rhodanese in Gegen-
wart von GroEL führt zu einer quantitativen Bindung an dieses Chaperon. Wir untersuchten
die Konformationen und die Dynamik der gebundenen Rhodanese mittels Einzelmolekülspek-
troskopie und zeitaufgelösten Anisotropiezerfallsexperimenten. Um die zugängliche Zeitskala
der Einzelmolekülexperimente zu erweitern, wurden Immobilisierungsexperimente auf Ober-
flächen durchgeführt. Von diesen Experimenten, zusammen mit Monte Carlo-Simulationen
von in ihrer Orientierung eingeschränkten Fluoreszenzfarbstoffen, war es möglich, Informatio-
nen über die Konformation und Dynamik von GroEL-gebundener Rhodanese zu gewinnen.
Es war möglich, zu zeigen, dass Rhodanese als partiell strukturiertes Intermediat bestehend
aus einem eher gut definierten Ensemble an Konformationen an GroEL gebunden wird. Eine
gründliche Untersuchung der Dynamik zwischen den Fluoreszenzfarbstoffen in einem Zeitbe-
reich von Nanosekunden bis zu Zehntelssekunden zeigte keine messbare Dynamik innerhalb der
gebundenen Rhodanese. Zusätzlich zu den biologischen Implikationen dieser Experimente, wie
dem Fehlen einer langreichweitigen Dynamik, konnten wir zeigen, wie es trotz eingeschränkter
Beweglichkeit der Fluoreszenzfarbstoffe möglich ist, strukturelle Informationen zu erhalten.
Im nächsten Schritt untersuchten wir mittels Einzelmolekül-FRET-Experimenten die Fal-
tungskinetik von Rhodanese innerhalb der Kavität, die durch GroEL und das Co-Chaperon
GroES gebildet wird. Um zeitaufgelöste Experimente der initialen Bindung von GroES an
die GroEL-Rhodanese Komplexe durchführen zu können, kombinierten wir Einzelmolekül-
FRET mit Mikrofluidik-Mischexperimenten. Um spezifischere Informationen über die enthal-
pischen und entropischen Beiträge der Chaperon-Substrat-Interaktionen während der Faltung
zu erhalten, wurden temperaturabhängige Experimente durchgeführt. Im Gegensatz zu der
klassischen Vorstellung, nach welcher neben der Verhinderung von Aggregation eine akti-
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ve Unterstüzung der Faltung angenommen wird, fanden wir ein eher unerwartetes Bild für
die Chaperon-assistierte Rhodanese-Faltung. So war die Faltungsrate der N-terminalen Do-
mäne von Rhodanese durch die Enkapsulierung in GroEL/ES unverändert, wohingegen die
C-terminale Domäne eine signifikante Verlangsamung in der Faltungsgeschwindigkeit zeigte.
Von diesen Resultaten konnten wir schlussfolgern, dass es keinen universellen Mechanismus
für die Funktion von GroEL/ES gibt. Abhängig vom Substrat und den daraus resultierenden
intra- und intermolekularen Interaktionen kann der spezifische Mechanismus und damit der
Einfluss auf die Faltungsrate unterschiedlich sein.
Im letzten Teil wurde ein neuartiger experimenteller Ansatz, welcher FRET mit photoin-
duziertem Elektronentransfer (PET-Quenching) kombiniert, entwickelt. Dieser Ansatz ist in
der Lage, gleichzeitig Informationen über kurz- und langreichweitige Dynamik innerhalb ei-
nes einzelnen Moleküls zu liefern. Als Testsystem wurden verschiedene Peptide, bestehend aus
einem steifen Polyprolin, welches die Fluoreszenzfarbstoffe trägt, und einem Tryptophan als
PET Quencher verbunden durch einen flexiblen Linker, hergestellt. Hochaufgelöste Fluores-
zenzkorrelationsdaten wurden mit neu entwickelten Methoden der Photonenstatistik gefittet.
Zusätzlich untersuchten wir die N-terminale Domäne der HIV-1 Integrase, einem intrinsisch
unstrukturierten Protein, mit dieser neuen Methode. Das PET-Quenching der eingeführten
Fluoreszenzfarbstoffe wurde durch ein in der nativen Sequenz vorkommendes, einzelnes Tryp-
tophan verursacht. Eine tryptophanfreie Variante diente als Kontrolle, welche nur FRET
Dynamik zeigte. Begründet durch die Tatsache, dass Quenching einen grossen Einfluss auf die
apparente Transfereffizienz und damit auf die durch Einzelmolekül-FRET-Messungen gewon-
nene Distanzinformation haben kann, wird deutlich, wie wichtig präzise Strategien sind, um
diese Effekte zu messen und zu separieren. Durch die Möglichkeit, FRET und PET-Sonden
auf unterschiedlichen, interagierenden Proteine zu plazieren, könnte diese Vorgehensweise zu-
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1 Introduction & Summarizing Discussion
1.1 Challenges of Measuring Protein Dynamics with Single-Molecule FRET
The pioneering experiments of Ha et al. in 1996 in which they used near-field scanning op-
tical microscopy (NSOM) to measure FRET between donor and acceptor fluorophores linked
to 10 and 20 base pairs (bp) long double stranded DNA helices proved the general posibil-
ity of measuring molecular scales below the diffraction limit at a single-molecule level [30].
They concluded that such an approach should be applicable to measure distances and con-
formational changes within single biological macromolecules. Three years later, Dahan et
al. realized an experiment in which they were able to measure single-molecule FRET within
similar double labeled DNA constructs diffusing free in solution using a confocal microscope
[12]. Shortly afterwards, the same group showed that this approach can be expanded to study
subpopulations such as the ones produced by cleavage of DNA or unfolding of DNA hairpins
[15]. In the same year, Jia et al. presented the first single-molecule FRET measurements of
folding dynamics [49]. A folding capable peptide derived from a yeast transcription factor was
labeled with donor and acceptor fluorescent dyes. Using a confocal microscope and surface
immobilization strategies, they were able to follow folding and unfolding trajectories of single
molecules in solution [49, 110]. In the next year Deniz et al. measured for the first time a
denaturation curve of a of a single-domain protein with subpopulation resolution using single-
molecule FRET [16]. They labeled chymotrypsin inhibitor 2, a small, single-domain protein
site specifically with donor and acceptor fluorescent dyes. Using a confocal microscope they
were able to follow the single-molecule FRET signal of the native and unfolded populations as
a function of GdmCl concentration. They found interesting effects such as a limited evidence
for a shift in transfer efficiency of the unfolded state upon increase of GdmCl concentration
which they attributed to an expansion of the unfolded state upon increase of the denaturant
concentration [16]. These successful experiments resulted in an exponential growth in papers
dealing with single-molecule methods [70]. In the next few paragraphs, the most important
aspects of single-molecule FRET experiments are introduced.
Förster Resonance Energy Transfer Based on earlier work by J. and F. Perrin, Theodor
Förster derived a quantum theoretical theory about the transition of excited electron energy
between similar molecules in solution by dipole-dipole interaction [23]. For the rate of energy









where τ represents the intrinsic fluorescence lifetime of the donor dye; R0 is the Förster
distance where 50% of the energy is transferred from the donor to the acceptor; and r is the
distance between the donor and the acceptor dye. The strong dependence of the transfer rate
on distance makes Förster resonance energy transfer suitable as a spectroscopic ruler [105].






R0 depends on the overlap integral, J, of the normalized donor fluorescence, FD(λ), and the






the donor fluorescence quantum yield, QD, in absence of an acceptor, the refractive index of the
medium between the dyes, n, and Avogadro‘s number, NA. κ is the orientational factor, which
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accounts for the relative orientation of the dipole moments of the two fluorescent dyes. κ may
take any value between 0 and 4. If the relative reorientation of the two dyes is significantly
faster than the fluorescence lifetime of the donor, this effect averages out and κ becomes 2/3.





The spectral and photophysical properties of the most frequently used FRET dye pairs for
single-molecule experiments result in a value of R0 in the range of 35-65 Å [25]. In single-
molecule FRET experiments, there are two common ways to calculate the transfer efficiency
of a single distance from a fluorescence event: Either it can be calculated using the corrected





or by measuring the fluorescence lifetime of the donor in presence, τDA, and absence, τD, of
an acceptor dye
E = 1− τDA
τD
. (6)
These two independently measured transfer efficiencies can either be used to refine the ex-
perimental values or to check for anomalies in the experimental setup or the specimen under
investigation [60, 33, 93].
Protein Purification and Labeling The protein of interest is typically produced by solid
phase peptide synthesis or by recombinant expression combined with site directed mutagene-
sis [93]. Common strategies to introduce fluorescent dyes are by labeling naturally occurring
amino acids such as lysine or the N-terminal amino group with N-hydroxy-succinimidyl ester,
or cysteine with maleimide-containing moieties [99, 55]. Examples of fluorescent dyes com-
monly used for single-molecule FRET studies are Alexa Fluor 488, Cy3, Atto 550 and Alexa
Fluor 555 as donor dyes and Alexa Fluor 594, Cy5, ATTO 647N, Alexa Fluor 647 as acceptor
dyes [95, 92]. To avoid fluorescent contamination, only the highest quality of buffers and
reactants should be used for all the reactions and purifications by high-performance liquid
chromatography (HPLC) or fast protein liquid chromatography (FPLC) [93].
Measuring Single Molecules in Diffusion A schematic overview of the instrumenta-
tion to measure fluorescent single molecules in solution is shown in figure 1. A pulsed or
continuous wave laser is reflected by a dichroic mirror into a high numerical aperture oil or
water immersion objective. The objective focuses the laser light to a diffraction-limited spot
a few micrometers into the sample. The picomolar concentration of the sample results in the
excitation of a single molecule at a time within this excitation volume. The emitted fluo-
rescence light is collected by the same objective and filtered for backscattered laser light by
the dichroic mirror. The fluorescence light is focused onto a pinhole to eliminate out of focus
light and therefore to improve the axial resolution and reduce the background. This confocal
setup, which increases the spacial resolution to the diffraction limit, is a prerequisite for doing
single-molecule fluorescence experiments on freely diffusing molecules in solution. To aquire
information about the fluorescence anisotropy, the next element is a polarizing beam splitter
that transmits parallel polarized photons and reflects perpendicular ones. After the polariz-
ing beamsplitter, the donor and acceptor photons are separated by dichroidic beam splitters
and focused on single photon avalanche photodiodes (SPADs). These cooled semiconductor
photodetectors can have up to 60% quantum efficiency in the visible spectrum. Within the
time resolution of around 350 ps, these detectors will convert each detected photon into a
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digital output pulse [71, 93, 94]. Counting electronics with ps resolution assign a time stamp
to each pulse of the detectors [120]. This photon arrival time information for each detector is
collected and stored for subsequent analysis.
Figure 1: Schematic overview of confocal single-molecule fluorescence data acquisition and
analysis. On the right hand side, the most important components of of a four channel confocal
microscope are shown. (a) Signal trajectory calculated from the photon arrival data collected
by photon counting hardware and a computer. (b) Pulsed laser excitation allows to calculate
transfer efficiency and lifetime of every single-molecule event. (c) Histogram of collected
transfer efficiencies can reveal different FRET populations such as native N and unfolded
U state populations (d) Subpopulation-specific fluorescent lifetimes for donor and acceptor
fluorescent dye. (e) FCS measurements at single-molecule concentration allow calculation of
subpopulation-specific correlation functions and therefore to obtain information about chain
reconfiguration times (Adapted from Schuler 2008 [94])
Data Analysis A time binning of the photon arrival data can be used to calculate a signal
trajectory for donor and acceptor photons as presented in figure 1(a). In the simplest ap-
proach, the sum of the donor and acceptor photons within a time-bin is taken and fluorescence
bursts are selected based on a threshold criterion. After applying corrections for differences
in quantum yields of the fluorophores, fluorescence background, and crosstalk between the
donor and the acceptor channels, the transfer efficiency is calculated according to equation
5. These transfer efficiencies can be collected into a transfer efficiency histogram as shown in
figure 1(c) [17, 93]. In addition to this simple but informative analysis, there are plenty of
alternative types of information to extract from the single-molecule data. By using a pulsed
laser, it is possible to record the arrival time of photons relative to the laser pulse, which
allows to extract fluorescence lifetime data from each individual single molecule as shown in
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figure 1(d) [21]. Since the fluorescence can be sorted for polarization, as shown in figure 1,
fluorescence anisotropies can be calculated for each burst.
In FCS analysis, the time-traces of photon arrival times or the inter-photon-times can
be correlated. From the fluctuation in fluorescence intensity over time, information about
translational diffusion constants and the number of molecules in the confocal volume can be
derived [57]. By experimentally overcoming the limitations in time resolution of the SPADs
and by using state of the art photon counting hardware, it is possible to expand the accessible
timescale of such experiments into the ns-range and therefore to observe photophysical effects
such as photon antibunching and fast, diffusive chain dynamics of unfolded proteins [74].
1.1.1 Confinement and Rotational Effects
Time dependent fluorescence experiments with polarized excitation and detection schemes can
give insights about temporal variations in dipole orientation of fluorescent probes. Within
the context of fluorescently labeled macromolecules, this information can lead to an under-
standing of the rotational motion of the whole macromolecule or of individual subunits [122].
By using intrinsic fluorescence reporters such as the naturally occurring amino acid trypto-
phan, its even possible to measure protein flexibility and dynamics without further chemical
modification [73]. However, Szabo enumerated several complications found in non-ideal ex-
perimental systems: the overall motion can be anisotropic; restricted internal motion can
exist; the excited state can decay to the ground state; energy transfer may occur; the probe
can be trapped in conformations with different emission characteristics, and there may be
several excitable and interconverting electronic states [107].
If the relative orientations of the donor and the acceptor dye are randomized during the
excited state lifetime, the orientation factor κ2 becomes 2/3 [106]. In the case in which the
orientation of the dyes is fixed, but the relative orientation is randomly distributed, the value
will be 0.476 [103, 104]. For the situations in between these two extremes, Lipari and Szabo
proposed to address this restricted motion by a “wobbling in the cone” model introduced by
Kawato et al. to describe fluorescence data of molecular motions in liposomes [53, 65]. In
our work on GroEL-bound Rhodanese, we found that the binding of the fluorescently labeled
rhodanese to the GroEL chaperone results in a decrease of the rotational freedom of the
fluorescent dyes (See section 1.2.3). Using Monte Carlo simulations of fixed but randomly
distributed donor and acceptor cones and a normal distribution of inter-dye distances, it was
possible to reproduce the ensemble anisotropy decay experiments and the single-molecule
transfer efficiency histograms. This approach allowed us to retrieve information about the
distance distribution even under conditions of highly restricted dye motion [35].
In 1976, Ehrenberg and Rigler proposed an experimental strategy to measure the rota-
tional diffusion of macromolecules using fluorescence correlation spectroscopy as an alternative
to light scattering [22]. Almost 10 years later, Kask et al. showed the possibility to measure
rotational correlation times of rhodamine labeled bovine carbonic anhydrase B using high
resolution FCS experiments (ns-FCS) [50]. Thereafter, the same group proposed a methodol-
ogy to separate rotational effects from other effects contributing to the fast dynamics found
in such ns-FCS experiments. By having a perpendicular orientation between the excitation
laser and the collection system for the emitted fluorescence light, they were able to measure
correlations for all possible combinations of excitation and emission polarizations [51]. Using
an epifluorescence microscope setup, as illustrated in figure 1, has the disadvantage that the
excitation of the fluorescent dye and the collection of the emitted fluorescence light is done
trough the same, high numerical aperture objective. Therefore, there is no perpendicular
orientation between fluorescence excitation and detection, and a complete separation of the
different polarizations is not possible. An approach such as that proposed by Kask et al. to
separate rotational effects from other effects such as those introduced by the fast dynamics be-
tween the FRET fluorophores, is very difficult to implement [50]. Consequently, unrestricted
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movement of the attached fluorescent dyes is an obligatory requirement for measuring the
chain dynamics using FRET ns-FCS.
1.1.2 Accessible Timescales and Fluorophore Stability
In measuring the dynamics of freely diffusing molecules with single-molecule FRET using
FCS, there are two natural time limitations. The first is due to the inherent lifetime of the
excited state of the fluorescent molecule, which sets the lower observation limit for dynamic
processes. The second factor is that the investigated molecules need a limited time to diffuse
trough the confocal volume. Depending on various parameters, this timescale is typically in
the range of 0.1-2 ms and therefore sets the upper time limit for the observation of a single
molecule.
To expand the accessible timescales of such single-molecule experiments, various strategies
were introduced and applied over the last few years. Surface immobilization techniques to fix
the macromolecules of interest onto functionalized surfaces directly or encapsulated in tethered
lipid vesicles allows observation of single molecules for much longer timescales [31, 90]. In
fact, the only limiting aspect of such experiments is the irreversible photo-destruction of the
involved fluorophores [92]. An alternative strategy to get information about dynamics longer
than the diffusion limit emerged from the observation that a freely diffusing molecule has a
certain probability to pass the confocal volume multiple consecutive times which led to the
recent development of the recurrence analysis of single particles (RASP) [40]. RASP allows
one to measure interconversion kinetics of different FRET populations for longer timescales
than imposed by the diffusion time of a single molecule trough the confocal volume. To get
information about ns timescales, such as the reconfiguration time of an unfolded protein chain,
novel FRET FCS approaches were implemented by Nettels et al. and used in this work [74].
By accumulating a large amount of single-molecule data, it is possible to get interphoton-times
in the time-range of these effects. By correlating such datasets, it is possible to determine the
underlying rate constants [74].
In order to investigate the chain dynamics of rhodanese bound to and encapsulated within
GroEL, several developements, outlined fully elsewhere in this work, were required. This was
achieved by optimizing existing experimental and theoretical treatments in order to aquire
the best possible data and extract rigorously tested experimental parameters and by the
developement of new software tools for automated data aquisition and analysis (Additional
information can be found in the appendix, see section 8). Additionally, a large, automated
screen of photo-protection and photo-enhancing agents was carried out. The resulting com-
binations of chemicals allowed us to increase the brightness of the fluorophores and to reduce
photobleaching. Finally, an immobilization strategy was developed, using a non-covalent
approach based on PLL-PEG [35, 41].
1.1.3 Quenching of Fluorophores by Natural Amino Acids
As a consequence of observing the quenching of anthracene by diethylanaline, and the resulting
anomalous fluorescence signal, Weller formulated a theoretical framework to describe complex
formation and electron transfer from a donor to an acceptor molecule [123]. The finding that
this photoinduced electron transfer (PET) plays the central role in the photosynthesis of plants
and bacteria resulted in a quest for understanding of the involved effects and in attempts to
mimic this light harvesting mechanism with artificial compounds [121]. In PET, an electron
of the donor molecule, such as a polyaromatic fluorescent molecule, is excited and transferred
to an acceptor molecule. Such an electron transfer needs direct interaction of the electron
orbitals between the donor and the acceptor molecule and therefore complex formation before
or during the excited state lifetime of the donor molecule. Complexes formed during the
excited state are called exiplexes. Due to the delocalization of an unpaired electron in such
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an aromatic system, these radical ions are relatively stable and have a rather low chemical
reactivity [2]. This can lead to thermal back-electron transfer as a self-repairing mechanism,
avoiding a potential damaging PET process [14]. Since such electron transfer reactions are
faster than the fluorescence lifetime of the fluorophores used, PET is the most probable de-
excitation process upon complex formation in the presence of a suitable electron acceptor.
When the donor molecule is a fluorophore, PET leads to a loss of fluorescence emission and
therefore can be used to monitor complex formations in an on/off manner [14]. Natural
amino acids such as tryptophan have been shown to be suitable PET acceptors for fluorescent
molecules such as rhodamine, oxazine and fluorescein dyes [79, 20]. The strong quenching
upon complex formation with tryptophan can be used to measure contact formation rates
within peptides and proteins using single-molecule fluorescence spectroscopy. In contrast to
FRET, PET-Quenching needs a direct contact between donor and acceptor. This qualifies
PET-quenching as a reporter for chain dynamics of unfolded peptides with a fluorophore-Trp
distance of 5-30 amino acids [78].
Quenching of fluorescent dyes by natural amino acids is not a characteristic of only some
exotic fluorescent dyes, but rather common behavior of most organic fluorophores. This
includes the popular Alexa 488/555 and Alexa 488/594 FRET pairs often used to study protein
conformations and dynamics on a single-molecule level, which were shown to be quenched by a
combination of dynamic and static quenching processes by various naturally occurring amino
acids [10]. Such quenching processes can have a profound impact on the experimental results
obtained using single-molecule FRET. Depending on the fluorescent dyes and the quenching
mechanism, transfer efficiencies and therefore the distance information can be significantly
changed to higher or lower values. Importantly, PET quenching leads to an on/off behavior
of the fluorophore which contributes to the observed decays in FCS measurements. Since
the timescales of PET quenching and protein chain dynamics measured with FRET can be
comparable, such additional quenching contributions can have a very significant impact on
the results obtained. Most of the second part of the work presented here is dedicated to the
question of how quenchers affect single-molecule FRET experiments. Experimental systems
and analytical models were developed to unveil these effects and to show the extent of their
impact on single-molecule experiments. Since FRET and PET are complementary in terms of
distance information, we developed an approach to unify the the two methods to aquire more
refined insights into protein dynamics by observing the long-range FRET and short-range
PET dynamics in the same molecule at the same time.
1.2 Effect of Intra- and Intermolecular Interactions on Protein Conforma-
tion and Dynamics
The pioneering experiments by Anfinsen et al. in 1961, in which the unfolding of bovine
pancreatic ribonuclease was found to be reversible, lead to the postulation of the so called
"thermodynamic hypothesis". In this hypothesis, the three-dimensional structure of native
proteins under native conditions is the one with the lowest Gibbs free energy [4, 3]. This
work led to the question of how proteins find their native structure. Following computer
simulations of folding pathways using a lattice heteropolymer model, Levinthal found that the
crucial factor discriminating among topological pathways is the heterogeneity of native contact
energies [62]. This finding, together with the fact that proteins can fold rapidly, led him to the
conclusion that protein folding is not a random search over all possible chain conformations,
but that there is a folding pathway, where local amino acid sequences form stable interactions
and therefore act as nucleation points within the folding process [63]. This finding triggered
the search for protein folding pathways. The first spectroscopic studies of protein folding
revealed single and multi-exponential kinetics, which lead to the postulation of on- and off-
pathway folding intermediates [46, 115]. From there on, various attempts to formulate a
theoretical framework of protein folding were made. Terms such as “energy landscapes”, in
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which the free energy of each conformation is a function of the degrees of freedom of the chain,
or “folding funnels”, in which the vertical funnel axis represents the “effective free energy” of
a given conformation which converges towards a minimum or the native state, have been
proposed [18]. The hallmark of these more recent approaches to describe protein folding is
the assumption that there is not a single protein folding pathway, but the possible interactions
within the protein chain of the unfolded state ensemble represent an energy landscape that
directs the individual search of each folding protein toward its energy minimum and therefore
the native state. In contrast to ensemble experiments, single-molecule experiments have the
advantage to offer in the best case direct experimental information about the folding pathway
of individual molecules [94]. Using denaturants such as guanidinium hydrochloride (GdmCl)
or urea allows the study of the conformation and the dynamics of the unfolded state of
proteins. Since each molecule is observed individually, conditions where folded and unfolded
molecules are in equilibrium can be used, and the unfolded state and folding dynamics can
be studied under almost native conditions [74]. Varying the experimental conditions such
as denaturants, temperature, ionic strength, and/or viscosity can give fundamental insights
about the underlying driving forces of protein folding and therefore about the shape of the
underlying energy landscape [77, 72, 76].
1.2.1 Insights from the Unfolded State of Proteins
To get insights into protein dynamics and protein folding pathways, the unfolded state or to
be more precise the denatured state ensemble (DSE) is the logical starting point [102]. Ob-
servables such as the radius of gyration (Rg), chain reconfiguration times and the secondary
and tertiary structure as assessed by CD-signal as a function of the accessible experimental
parameters such as pH, denaturant concentrations and temperature can contribute to a bet-
ter understanding of the DSE. Additionally there is an increasing interest in the properties of
natively unfolded proteins which have little or no ordered structure under physiological condi-
tions [116]. During the last years there was a remarkable increase in publications dealing with
these so-called intrinsically disordered proteins (IDPs). It has been shown that a significant
number of these proteins fold upon binding to target molecules and are often closely asso-
ciated with cellular control mechanisms and signaling [126]. This shows that understanding
the DSE is not only of crucial importance to the classical protein folding picture, in which
proteins cycle between the native and unfolded states, but also has a profound impact on our
knowledge of communication and regulation networks within the cell.
In contrast to ensemble methods such as fluorescence spectroscopy and small angle X-ray
scattering (SAXS), single-molecule Förster resonance energy transfer (FRET) spectroscopy
has the advantage of separating folded and unfolded subpopulations. This allows the study
of unfolded state properties under nearly native conditions in which a significant folded pop-
ulation is present. Obviously, these conditions are the ones with the highest physiological
relevance. The requirement of working at pico-molar concentrations in single-molecule exper-
iments significantly reduces the problems with protein aggregation [76], a significant advantage
when working with unfolded proteins under near native conditions.
1.2.2 Temperature-Induced Collapse of Unfolded Proteins
An important parameter in understanding the DSE is temperature. In contrast to parameters
such as denaturant concentration for which independent experiments have shown a continuous
expansion of the unfolded state upon addition of denaturant [59, 113, 39], the behavior of
the DSE upon a change in temperature is much less clear. SAXS experiments at different
temperatures on reduced Ribonuclease A and β-Lactoglobulin showed no change in the Rg of
the DSE [47, 52]. Dynamic light scattering (DLS) experiments on reduced Ribonuclease A
and Ribonuclease T1 revealed a collapse with increasing temperature [82, 24]. It is important
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to mention that there is a significant disagreement in measured unfolded state behaviour
between single-molecule FRET and SAXS experiments. Various proteins and peptides show
a compaction of the DSE upon reduction of the denaturant concentration in single-molecule
FRET experiments [98, 69, 39, 102]. In contrast the trend is much less obvious when measured
by SAXS [85, 48, 102].
In order to use single-molecule FRET methods to measure the temperature dependent
behavior of the DSE, we had to overcome the following experimental complications. Firstly,
it was necessary to develop a device which allows accurate temperature control of the sample
without interfering with the sensitive confocal optics, such as microscope objectives. Sec-
ondly, it was required to screen for combinations of photo-protective agents which decrease
photo-blinking and photo-bleaching of the fluorescent dyes that occurs at higher tempera-
tures. Solving these issues allowed us to measure the dimension of the DSE of the small cold
shock protein CspTm and the IDP Prothymosin α for temperatures between 282 and 339 K.
By measuring the two proteins over various temperatures and GdmCl concentrations, a sig-
nificant compaction of the unfolded state with increasing temperature was found. Additional
temperature dependent DLS experiments on CspTm were able to confirm this finding at high
GdmCl concentrations. Following the change in the CD-signal at 220 nm over the investigated
temperature range showed more than a two-fold increase in signal amplitude for a destabilized
variant of CspTm, which is an indication for the formation of secondary structure at higher
temperatures.
As a first attempt to explain these experimental findings we compared the collapse to the
temperature dependent binding of GdmCl to the protein chain. Since earlier experiments
found a decrease in the binding constant of GdmCl to the protein with increasing temper-
ature [67], one would expect a collapse due to reduced denaturant-protein interactions at
higher temperatures. Such a behavior can indeed be found in our measurements. However,
extrapolation of the Rg at different temperatures towards zero molar GdmCl reveals that
there is no convergence of the Rg for the different temperatures, which implies that there
is a temperature-induced compaction even at zero molar GdmCl. Obviously, the dissocia-
tion of GdmCl can not be the sole explanation for the compaction at higher temperatures.
The hydrophobic effect may be another candidate for compaction of the unfolded state at
increasing temperatures. The experimentally found temperature dependence for CspTm does
not resemble the one expected for the hydrophobic effect. To further investigate this effect,
similar temperature dependent experiments were performed on Prothymosin α, an IDP with
a large proportion of charged and polar amino acids and therefore extremely low hydropho-
bicity. Within an error of 3 % the same temperature dependent collapse as for CspTm has
been found. This is further evidence against the hydrophobic effect as the main source for
the collapse at higher temperatures.
Replica exchange molecular dynamics simulations of unfolded CspTm in explicit water at
different temperatures showed, for certain force fields, a correlation between collapse and in-
tramolecular hydrogen bonding. An increase in temperature increased the number of protein-
protein interactions and decreased protein-water hydrogen bonds. However, no clear types of
emerging secondary structures at increasing temperatures could be assigned from the available
simulated data.
Taken together these experiments show that there is not a single effect contributing to
the temperature induced collapse but a variety of effects ranging from hydrophobic effect
to seccondary structure formation. Overcoming the technical limitations for single-molecule
FRET experiments at increased temperatures allowed us to separate the different contributing
effects. From this we were able to conclude that the increase of intramolecular interactions at
higher temperatures compensates for the conformational entropy introduced by the increase
in thermal energy.
Such insights into the temperature dependence of the DSE can be used to further improve
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theoretical models and especially force fields used for protein simulations. Best and Mittal
expanded the Amber ff03* force field to simulate the unfolded state of proteins at increased
temperatures [6]. They used a TIP4P/2005 water model together with the Amber ff03w force
field where they reparametrized the backbone dihedral potential corrections compared to ff03*.
Simulations on the 15 residue peptide Ac-(AAQAA)3-NH2 showed that the experimental found
Rg was reproduced adequately by the simulations. Moreover, with increasing temperature a
collapse and an increase in the number of peptide-peptide hydrogen bonds has been found.
Such improvements will lead to a better understanding of protein folding.
1.2.3 Dynamics and Conformations in Protein-Chaperone Complexes
Due to possible transient population of non-native structures of proteins during synthesis and
folding within a living cell, there is a significant risk that these structures expose hydrophobic
surfaces and therefore tend to aggregate. There is increasing evidence that accumulation of
protein aggregates may lead to pathologic phenotypes as the one found in neurodegenerative
disorders such as Parkinson‘s disease and Huntington‘s disease [97]. During the last 20 years
a remarkable number of proteins have been found which assist other proteins in finding their
native conformation [117, 34]. According to a definition by Vabulas et al., chaperones are
defined as proteins which interact, stabilize or help non-native proteins in acquiring their
final functional conformation, but are not present in the final functional structure [117]. The
fact that chaperones are found in all three kingdoms of life underlines their evolutionary
importance [34].
A remarkable representative of such a chaperone system is the bacterial chaperonin GroEL
together with its co-chaperonin GroES. GroEL consists of two heptameric rings made from 57
kDa subunits. Two such rings are assembled back to back to the final barrel shaped GroEL.
The co-chaperonin GroES is made of seven 10 kDa subunits which build up the lid structure
that can be bound on top of GroEL. One GroEL ring together with the bound GroES encloses
a cavity with a 65 Å diameter were substrate proteins can be encapsulated [114]. Since GroEL
accounts for roughly 1% of the soluble cytoplasmic protein in bacteria, there is an ongoing
debate about the number of possible substrate proteins [44]. Whereas experiments by Vitanen
et al. [118] showed that up to 50% of the soluble proteins of Escherichia coli can be bound
to GroEL after denaturation, there are more recent results by Houry et al. and Kerner et al.
which show that there are 250-300 strong binding substrate proteins [45, 54]. The asymmetric
reaction cycle of this chaperone is shown in figure 2.
While the catalytic cycle is understood rather well, the influence of this machinery on
the folding pathway of its various substrates remains a controversial issue [42]. For more
information on how the GroEL/ES chaperonin system may affect the folding energy landscape
of its substrate proteins, see section 1.2.4.
To get new insights in the GroEL/substrate interaction, we started to study the initial
bound state of a substrate protein which is illustrated in figure 2(b). Because it is difficult
to study the GroEL chaperone system under turnover conditions due to the possibility of
substrate protein binding to both rings, we decided to use a single-ring variant of GroEL
(SR1), which binds to the substrate in a 1:1 complex. This variant carries mutations in the
interface area between the two rings of the wild-type GroEL which prevent the formation
of the double ring system [43]. This SR1 variant is perfectly capable of binding ATP and
GroES but since there is no allosteric release signal from the opposite ring, the substrate
will be trapped within the cavity [42]. Bovine liver rhodanese, a known model system for
the GroEL/GroES system, was used as a substrate [68]. Rhodanese is a 293 amino acid
mitochondrial protein, it consists of two globular domains of similar size connected by a 15
amino acid linker. Although there is a striking structural similarity between the two domains,
no significant sequence homology has been found [86]. Refolding rhodanese in the absence
of chaperones or tensides leads to significant aggregation even at low protein concentration
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Figure 2: ATP-driven reaction cycle of the GroEL/ES chaperone system. The tetradecameric
GroEL is represented in black. The heptameric co-chaperonin GroES is drawn in blue and
the substrate protein in green. ATP binding is shown in red, where T stands for ATP and D
for ADP. (a) Starting state with GroES and ADP bound to one subunit and the hydrophobic
rim presented on the other. This hydrophobic rim captures non-native substrate proteins, and
binding of ATP results in a small but cooperative conformational change which allows binding
of GroES. (b) Binding of GroES leads to a large conformational change which switches the
interior of the GroEL/ES cavity from hydrophobic to hydrophilic, which may contribute to
substrate folding. This folding active state is called the cis complex. (c) Hydrolysis of ATP
is the rate limiting step in the reaction cycle. Hydrolysis causes an allosteric change which
triggers substrate binding in the opposite, so-called trans ring. (d) Binding of a new substrate
protein and ATP to the trans ring and release of GroES and the former substrate protein from
the cis complex. (e) The cycle is complete and the system is ready for the next turnover
(Adapted from Horwich 2009 [42]).
[111, 36].
Complementary double cysteine variants, in which the primary vs. tertirary structure
inter-dye distance was varied, were produced, and the cysteines were labeled with Alexa
Fluor 488 as a FRET donor and Alexa Fluor 594 as an acceptor fluorescent dye. Double
labeled rhodanese was unfolded in GdmCl and diluted into GdmCl-free buffer containing a
stochiometric excess of unlabeled SR1, leading to quantitative binding of the rhodanese to
SR1, as confirmed by size exclusion chromatography. FRET histograms of both variants
showed an unusually broad distribution of transfer efficiencies for the SR1-bound state. The
slight but significant difference in the shape and position of the FRET histograms for the two
complementary variants of SR1-bound rhodanese implies that these broad histograms can
report on the conformation of the SR1 bound rhodanese. Changing the unfolding strategy for
rhodanese from GdmCl to a pH jump using phosphoric acid had no effect on the shape of the
SR1-bound histograms. From this finding we concluded that the broad shapes do not reflect
the distance distribution of the unfolded state but are rather the signature of an early folding
intermediate. Extending the FRET fluorescence correlation spectroscopy (FCS) experiments
using a Hanbury Brown and Twiss setup for freely diffusing molecules [74] to experiments
with surface immobilized SR1-bound rhodanese allowed us to probe inter-dye dynamics of
the bound rhodanese from ns to hundreds of ms. In addition to the expected photophysical
effects such as photon-antibunching and triplet state dynamics, a component with a time
constant of around 200 ns was observed. This 200 ns component could be attributed to
rotational motion of the entire SR1-rhodanese complex (See section 1.1.1). Together with the
polarization decays measured in this experiments, we concluded that there is no change in
distance between the two reporting fluorescent dyes on all accessible timescales from ns to
ms.
The remaining question was about the structural origin of the broad distribution in trans-
fer efficiency histograms. Since no inter-dye dynamics were found, there were only two possible
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explanations for the broad histograms. Either, there was a static distribution of intermolec-
ular distances or a static distribution of relative donor-acceptor fluorophore orientations. A
comparison of fluorescence anisotropy decay measurements of free and unfolded rhodanese
versus SR1-bound rhodanese revealed that the anisotropy in the SR1 bound state is signifi-
cantly increased. The measured anisotropy decay times revealed a significant slow rotational
component which means that the ps-ns rotation of the fluorescent dyes on their linkers is
restricted upon binding to SR1. A Monte Carlo simulation, based on a model in which the
relative orientation of the dyes within a single molecule is constrained to a wobbling cone but
randomly distributed from molecule to molecule, was performed. Such a simulation resulted
in anisotropy decays similar to those determined in the ensemble experiments. We extended
the simulation to include normally distributed inter-dye distances and adjusted the mean and
standard deviation to get the best match with respect to the experimental transfer efficiency
histograms. In doing this for the two differently labeled rhodanese variants we were able to
derive a possible binding conformation of rhodanese on the SR1 ring. One can conclude that
at least one domain of rhodanese seems to be in a compact, probably native-like, conforma-
tion, whereas the binding to the SR1 happens at the interface area between the two rhodanese
domains.
In these experiments we were able to get insights into protein conformations with single-
molecule FRET in the presence of restricted chromophore flexibility. Additional improvements
allowed us to extend the accessible timescale for inter-dye dynamics measurements into hun-
dreds of ms with ns time resolution. This represents a 100 fold increase with respect to
the diffusion time of such molecules trough the confocal volume, which is usually the natu-
ral upper time limit of such fluorescence correlation spectroscopy (FCS) experiments. In all
the ns-FCS experiments performed on GroEL-bound and GroEL/ES-encapsulated rhodanese
(See also section 1.2.4), there was always a significant rotational component observed but no
additional contribution of chain dynamics within the experimentally accessible time-range of
nanoseconds to seconds. Therefore, the conclusions from these experiments are that there is
either no measurable rhodanese chain dynamics upon binding to the chaperone, or the steric
restriction of the fluorescent dyes prevents the reporting of such a dynamic component, and
the signal is completely dominated by the rotational effects. Together with ensemble lifetimes
measurements and simulations, it was possible to gain new insights into the conformation and
the dynamics of SR1-bound rhodanese.
1.2.4 Protein Folding Kinetics within a Chaperonin Cage
How the GroEL/ES system does assist substrate proteins in folding is currently one of the
most important questions in the chaperonin field [44]. The proposed concepts are active
unfolding, prevention of aggregation and active folding. The active unfolding hypothesis is
based on an iterative annealing mechanism, in which monomeric proteins fold by a kinetic
partitioning mechanism where the free energy landscape of folding consists of several minima,
separated by energy barriers. Depending on the barrier heights, a folding protein is capable
of exploring the energy landscape without assistance. However, proteins with high folding
barriers may be trapped for longer timescales in non-native low-energy minima. Since such
non-native conformations often expose hydrophobic surfaces, these proteins may represent
GroEL substrates. After being bound to GroEL, such substrates experience a significant
allosteric change of the GroEL upon binding of ATP and GroES, in which the GroEL cavity
surface changes from hydrophobic to hydrophilic and the cavity volume expands twofold. It
is believed that such an rearrangement overcomes the free energy barrier of the substrate and
allows it to continue the search for its native structure. By following such a binding, stretching
and release reaction scheme multiple times, the substrate is supposed to find its final energy
minima and therefore the native state [114]. Another proposed mode of GroEL/ES action
is the prevention of aggregation, which is summarized in the passive “Anfinsen folding cage”
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effect. No direct advantage on the folding pathway is expected from this mechanism, but since
the folding substrate is confined within the cavity, this allows the substrate to find its native
state in isolation and thus prevents aggregation [42]. Finally, there are studies suggesting that
the volume and the charge distribution of the inner surface of the GroEL/ES cavity and its
change from hydrophobic to hydrophilic does have a direct positive effect on the folding energy
landscape of the substrate protein [112]. Additionally, simulations on different substrate
peptides within confined volumes of different sizes and shapes show that the confinement found
in the GroEL/ES chaperonin may lead to an acceleration of substrate protein folding due to
a decrease in the entropy of the unfolded state compared to the transition state [56, 109].
However, doing explicit solvent simulations on villin headpiece within a confined volume
showed that there is an opposing effect by confining the folding substrate together with water
within such a cavity. Due to the hydrophobic containment within the cavity, water molecules
can participate in less hydrogen bonds. Optimizing the hydrogen bond network between water
molecules leads to a decrease of the folded state stability [66]. The controversy over how such
an ubiquitous system acts and the experimental details accessible using single-molecule and
classical biophysical methods made this an intriguing system for in-depth study. Therefore we
decided to rigorously study the folding kinetics of a substrate protein within the GroEL/ES
cavity.
To avoid the release of the folded substrate from the GroEL/ES cavity, we used the
single-ring variant SR1. As a substrate, bovine liver rhodanese was used (See section 1.2.3).
To probe for folding cooperativity and for optimal discrimination of native and nonnative
conformations, three different FRET variants of rhodanese were produced as shown in figure
3.
Figure 3: Native structure and transfer efficiency histograms of the rhodanese variants. (A)
Surface representation of rhodanese showing the N-terminal domain (blue), the interdomain
linker (yellow), and the C-terminal domain (red) (protein data bank entry 1rhs). The rho-
danese variants were labeled with Alexa Fluor 488 as a donor and Alexa Fluor 594 as an
acceptor. Label attachment sites are indicated in black. (B) Transfer efficiency histograms
of native rhodanese (i), the SR1-rhodanese complex (ii), and the SR1-rhodanese complex 1.5
h after addition of GroES and ATP (iii). The gray histograms were recorded with donor
excitation only; the colored histograms were recorded using dual color excitation of donor
and acceptor to eliminate the contribution close to E = 0 from molecules lacking an active
acceptor dye (Taken from [41]).
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In the N-terminal and C-terminal variant, both fluorescent dyes were placed in the respec-
tive domain and therefore reported on the folding of each domain. In the linker or L-variant
there was a dye in each domain reporting on the folding of the overall protein or more speci-
ficly on the arrangement of the interface region between the two domains. Binding to GroEL
resulted in characteristically broad transfer efficiency histograms for all three variants (See
section 1.2.3 and figure 3). Adding ATP and GroES to such GroEL bound rhodanese resulted
in stable complexes with the rhodanese encapsulated within the chaperonin cavity. Over time
the transfer efficiency histograms approached the shape of the corresponding native rhodanese
with a residual broadening due to the restricted rotational freedom of the fluorescent dyes
within the cavity. This change of the transfer efficiency histograms allowed us to monitor
the folding kinetics within the cavity and therefore to compare the resulting rates to those of
rhodanese folding free in solution. A combination of microfluidic and manual mixing single-
molecule experiments allowed us to observe these folding kinetics from milliseconds to hours.
Since subtle changes in such broad transfer efficiency histograms are difficult to fit due to
the lack of an appropriate model, a model free singular value decomposition (SVD) method
was used. To further improve the fitted kinetics, most of the available information from the
single-molecule experiments such as burst-duration, photon rate, fluorescence lifetimes and
anisotropies have been used in the SVD fit.
For the folding of rhodanese free in solution, similar rate constants for the N-terminal
domain variant and the L-variant were found. In contrast, the C-terminal variant folded al-
most six times faster than either L or N variant. The same folding hierarchy was found for
rhodanese encapsulated within the GroEL/ES complex. Whereas the rates for the N-terminal
and the L-variant were not changed upon encapsulation, there was a twofold decrease in the
folding speed of the C-terminal variant. To further elucidate the initial process of the chaper-
onin mechanism, microfluidic experiments in which GroEL bound rhodanese was mixed with
GroES and ATP were carried out. These ms resolution single-molecule experiments revealed
almost no change in transfer efficiency upon encapsulation. Interestingly, ensemble stopped
flow experiments by Lin et al. on rubisco as a GroEL/ES substrate showed a change in trans-
fer efficiency which was attributed to forced unfolding [64]. Calculating the average transfer
efficiency from our single-molecule experiments and fitting the resulting values with two ex-
ponentials resulted in rate constants very similar to those reported in the literature for GroES
binding and apical domain movement under substrate load. To get further insights into the
deceleration mechanism of the C-terminal domain within the chaperonin, temperature depen-
dent measurements of folding kinetics of all three variants free in solution and encapsulated in
GroEL/ES were performed. The results of these experiments indicated that there is a signifi-
cantly lower activation enthalpy of folding for the encapsulated C-terminal variant compared
to its folding free in solution. Since such a behavior should increase the folding speed of the
substrate, the enthalpy change can not explain the slower folding speed of the encapsulated
rhodanese. The two other components which contribute to the height of the free energy bar-
rier are the pre-exponential factor and entropy. Since conformational entropy of the substrate
is reduced in a confined volume such as the GroEL/ES cavity, the entropy change between
the unfolded and the folded state should be reduced, which will reduce the height of the free
energy barrier. This should increase the folding speed within the GroEL/ES cavity. To test
the contribution of solvent entropy, folding experiments in D2O were performed. An almost
two-fold decrease in folding speed was found for the C-terminal and the N-terminal domains
of rhodanese free in solution and encapsulated within the GroEL/ES. The lack of a difference
between autonomous and SR1-mediated folding upon changing the folding environment from
H2O to D2O makes confined water molecules an unlikely cause for the change in folding rates
upon encapsulation. The remaining component is the pre-exponential factor. It accounts for
the roughness of the underlying free energy surface for folding. Possible contributing effects
are nonnative interactions within the folding polypeptide chain or between the chain and the
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walls of the GroEL/ES cavity. Compared to the Rg of free, unfolded rhodanese, the available
space within the GroEL/ES cavity is significantly smaller. Therefore, non-native interactions
within the folding rhodanese chain are expected to be increased which in turn should increase
the roughness of the energy landscape. However, since only the kinetics of the C-terminal do-
main is affected by the encapsulation of the whole rhodanese chain, there is reasonable doubt
about such a conclusion. The only remaining contribution are interactions between the un-
folded rhodanese chain and the cavity surface of GroEL/ES. Microfluidic mixing experiments
show almost no change of the transfer efficiency histograms of SR1-bound rhodanese upon
binding of ATP and GroES which indicates that there are similar interactions with the cavity
walls of SR1 as in the bound state. A significant contribution from the change in surface
conditions within the GroEL/ES upon encapsulation is rather improbable from these results.
Dissociation from the wall of the cavity followed by a fast folding reaction might therefore
be the rate-limiting step of the folding of the C-terminal domain of rhodanese within the
GroEL/ES cavity.
Given that two domains within the same protein are affected differently, these experiments
imply that there is no universal mechanism on how the GroEL/ES chaperone system affects
the folding of a substrate protein. Structural and dynamic information with nm-resolution and
accessible timescales from milliseconds to hours without common problems such as protein
aggregation and signal averaging revealed that there is no speedup of protein folding within
the GroEL/ES cavity. From the results found in this work, in which a slowdown of folding and
no active unfolding is found for the GroEL/ES encapsulated rhodanese, the only remaining
model which partly describes the function in our case is the passive “Anfinsen folding cage”.
However, the observed effects which even vary between different domains of the same protein
highlight the need of a general mechanistic reconsideration of the GroEL/ES chaperonin
function.
1.3 Extensions and Applications of Single-Molecule Methods to Study
Protein Chain Dynamics and Conformations in Complex Protein Sys-
tems
1.3.1 Development of a Rigorous Photon Statistics Model for a Description of
Fluorescent Dye Photophysics and Protein Chain Dynamics
Chapter 6 describes the development and successful application of a novel photon statistics
fitting approach to describe ns-FCS data. The pioneering approach by Gopich et al. [27, 28]
and Nettels et al. [74] to describe ns-FCS experiments using detailed kinetic descriptions of the
involved fluorescent processes was extended. All of the contributing effects, such as donor-only
populations, due to incomplete labeling and photo bleaching, or non-perfect detection systems
were included in the analysis. Additionally, the photon statistics fits were extended to include
dynamic and static quenching of the involved fluorescent dyes. Using such a description
allowed to fit all the available ns-FCS globally. This approach was successfully applied and
benchmarked using various experimental systems. First, stiff polyprolines with and without
a quenching Trp on a flexible linker were used to validate the fitting approach. The successful
description of the resulting ns-FCS allowed us to increase the complexity and the inclusion of
FRET dynamics between the two fluorescent dyes. As a test system for this scenario, novel
variants of the N-terminal domain of HIV-1 integrase, an intrinsically disordered protein, were
developed and measured extensively using ns-FCS. Extending the fitting approach to include
diffusive inter-dye dynamics allowed us to quantitatively fit the resulting data. Together with
various controls, this showed the general applicability of this approach to analyze ns-FCS data.
It was possible to quantify and separate the various effects included in the ns-FCS data such
as the FRET dynamics between the donor and the acceptor fluorescent dyes together with the
PET quenching between the fluorescent dyes and a quenching Trp. The future application
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of this approach will allow us to address challenging questions about protein folding and
dynamics in complex molecular systems.
1.3.2 Experimental Model Peptides for FRET and Quenching Dynamics
For the development and verification of single-molecule FRET methods, there is a continuing
need for molecular test systems with clearly defined distances between the donor and the
acceptor fluorescent dyes. Possible candidates are poly-L-prolines, such as those used by Stryer
and Haugland in their pioneering experiments on distance dependent FRET [106] or double
stranded DNA constructs such as those introduced by Cardullo et al. [9]. Both approaches
were successfully applied in ensemble and single-molecule FRET experiments [106, 9, 30, 95].
Starting with the single-molecule FRET experiments of Schuler et al. on polyprolines of
various lengths labeled with Alexa 488 and Alexa 594 fluorescent dyes [95], there has been
increasing interest in the FRET distances and distributions obtained by such proline systems
in single-molecule experiments. More refined experiments and simulations were performed to
explain the origin of unexpected FRET heterogeneities and transfer efficiencies [96, 5].
In the work presented here, polyproline peptides were used for 3 different projects. As a
reference sytstem for FRET measurements within the GroEL/ES cavity, a polyproline with
11 prolines and with a GroEL affinity tag to allow binding and encapsulation of this spectro-
scopic ruler within the chaperonin cavity was produced and successfully measured (Data not
shown). Next, improved purification and measuring strategies were applied to obtain high
resolution single-molecule data on FRET polyprolines of various lengths. This data was used
to develop and verify a novel approach to simulate and fit experimental FRET efficiencies
and distributions. This approach is based on the following procedure: First, multiple, fully
atomistic simulations on the solvated polyprolines including the parametrized fluorescent dyes
were performed. From the relative dipole orientations of the dyes in the simulations, time-
dependent energy transfer rate coefficients are derived. Using this information, in the third
step, a Monte Carlo simulation is performed to simulate and collect individual photon ab-
sorption, excitation, FRET transfer and emission events for randomly chosen points of the
MD trajectory. Using an experimentally determined burst size distribution, these “emitted”
photons are collected into bursts and analyzed as described for a standard single-molecule
experiment (See section 1.1). The simulations revealed that even on rather simple systems
such as polyprolines there are significant deviations due to a non-isotropic distribution of
dye transition dipoles. This effect leads to a breakdown of the κ2 = 2/3 assumption which
is often assumed for the analysis of FRET data. Additionally, a slow transition between a
freely rotating dye conformation and one where the dye sticks to the polyproline, mediated by
hydrophobic interactions, was found in the simulations. An extensive experimental search for
such an effect using fluorescence anisotropy decay experiments with various solvent conditions
to change the extent of hydrophobic interactions was not able to confirm such a finding. From
this, one can conclude that the contribution of this effect to the experimentally accesible ob-
servables is rather small or may be an artefact of the simulations. However, these experiments
show the need to extend and optimize molecular dynamics force fields to simulate peptides
together with the attached fluorescent dyes. Taken together, this work shows how a combined
approach using single-molecule FRET experiments and simulations can give new insights into
the mechanistic origins of the transfer efficiency distributions. It higlights the importance of
taking dye orientation and flexibility, which are often constrained upon linking to a protein
system, into account [38]. Additionally it also indicates the necessity for improved force field
parametrization of fluorophores for future simulations.
In chapter 6, polyprolines where used to study the effect of dynamic and static quenching
on transfer efficiencies and ns-FCS measurements. For this study, polyproline constructs with
four C-terminally attached (Gly-Ser)n repeats and a quenching tryptophan residue where
produced and labeled with Alexa 488 an Alexa 594. Site specific labeling together with
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Figure 4: Structural representation of the polyproline construct used to measure the effect of
PET quenching on single-molecule FRET experiments. Here, a 20 residue polyproline with a
C-terminal (Gly-Ser)4-Trp is shown. The cysteine close to the Trp-quencher is labeled with
Alexa 488 as a FRET donor. The N-terminal glycine is labeled with the Alexa 594 acceptor
dye.
selective purification of the labeling isomers allowed us to obtain peptides with the cysteine
position close to the tryptophan labeled either with a donor or an acceptor dye. Varying the
linker length between the fluorescent dye and the maleimide which reacts with the cysteine
allowed us to study the effect of the fluorophore linker on transfer efficiencies and quenching
dynamics. Single-molecule and ensemble FRET experiments were performed to measure the
contribution of static and dynamic quenching on either the donor or the acceptor dye with
respect to the distance of the tryptophan quencher. Based on these results, photon statistics
models were developed and applied to fit auto- and crosscorrelation ns-FCS curves globally.
These novel strategies to fit ns-FCS data allowed us to deconvolute PET-quenching and FRET
processes.
1.3.3 Using PET and FRET in an Unified Approach to Measure Long and Short-
Range Chain Dynamics in a Single Molecule
For the final part of this work (See section 6.4), novel variants of the N-terminal domain of
HIV-1 integrase were produced. The constructs of this intrinsically disordered protein were
designed such that they have two labeling positions for fluorescent dyes. One of the positions
was chosen to be close to the intrinsic Trp and therefore allowing quenching of the fluorescent
dye. The second position was on the C-terminus of the protein, as far away from the quenching
Trp as possible. A rigorous labeling and purification process produced site-specifically labeled
proteins. The intrinsically disordered nature of these protein constructs allowed us to measure
unfolded chain dynamics using FRET between the two fluorescent dyes and PET using one
of the dyes and the Trp residue under native conditions and in the same experiment. The
application of the novel photon statistics fitting approach allowed us to quantitatively describe
the long-range inter-dye dynamics together with the short-range PET quenching between the
donor fluorescent dye and the quenching Trp. This showed for the first time the feasibility of
separating and quantifying such dynamic effects in ns-FCS measurements. Various controls
such as Trp free variants and donor-only constructs were produced and analyzed to ensure
the validity of these results. A comparison of the FRET and the PET quenching dynamics
revealed different behavior upon increasing GdmCl concentration. Whereas the long-range
inter-dye reconfiguration time decreases, the local quenching association time between the
dye and the Trp increases. This could indicate that there is an opposite behaviour between
local and global chain dynamics in an unfolded protein upon denaturation with GdmCl. This
preliminary finding indicates how this unified approach consisting of state of the art protein
design and labeling together with photon statistics fitting may lead to novel insights about
protein folding and dynamics.
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2 Single-Molecule Spectroscopy of the Temperature-Induced
Collapse of Unfolded Proteins
D. Nettels, S. Müller-Späth, F. Küster, H. Hofmann, D. Haenni, S. Rüegger,
L. Reymond, A. Hoffmann, J. Kubelka, B. Heinz, K. Gast, R. B. Best, and B.
Schuler.
Contributions of Dominik Hänni:
I developed an automated setup for performing single-molecule experiments
using wellplates, which allowed performing large-scale screens of chemical sub-
stances and substance mixtures for photo-protection and photo-enhancement
of the used fluorescent dyes. New data analysis strategies allowed the identi-
fication of the most efficient substance combinations in a set of thousands of
measurements. The applications of such chemicals lead to an increased stability
of the fluorescent dyes, especially at increased temperatures and/or increased
laser powers. This allowed the successful measurement of the temperature-
induced collapse of unfolded proteins. Not using such a chemical photo-



















3 Probing Protein–Chaperone Interactions with Single-Molecule
Fluorescence Spectroscopy
F. Hillger, D. Hänni, D. Nettels, S. Geister, M. Grandin, M. Textor, and B.
Schuler.
Contributions of Dominik Hänni:
I chemically modified the GroEL chaperone to allow the immobilization on
quartz surfaces. After binding rhodanese to the GroEL chaperones, I immo-
bilized them in a newly developed flow cell and performed TIRF and confocal
single-molecule experiments. To automate the data collection on the confo-
cal microscope, I co-developed control software which allowed the autonomous
identification and collection of single-molecule fluorescence traces. To analyze
the resulting datasets, I implemented automated filtering procedures and im-
age analysis algorithms. This allowed studying the continuous dynamics of


















4 Single-Molecule Spectroscopy of Protein Folding in a Chap-
eronin Cage
H. Hofmann, F. Hillger, S. H. Pfeil, A. Hoffmann, D. Streich, D. Haenni, D.
Nettels, E. A. Lipman, and B. Schuler.
Contributions of Dominik Hänni:
I combined my knowledge about the GroEL/ES system together with my ex-
perience in performing single-molecule experiments on surface immobilized
molecules to study the folding and the dynamics of rhodanese encapsulated
in the GroEL/ES complex. For this I performed for the first time ns-FCS ex-
periments on immobilized molecules. Additionally I tried to directly observe
the folding of rhodanese within the GroEL/ES chaperone. Similar as for the
bound rhodanese, no observable chain dynamics was found upon encapsula-
tion. An extensive search for folding events in the single-molecule trajectories




























5 Structural Heterogeneity and Quantitative FRET Efficiency
Distributions of Polyprolines through a Hybrid Atomistic
Simulation and Monte Carlo Approach
M. Hoefling, N. Lima, D. Haenni, C. A. M. Seidel, B. Schuler, and H. Grub-
müller.
Contributions of Dominik Hänni:
Martin Hoefling performed MD simulations on fluorescently labeled polypro-
lines where he found that sticking of the donor dye to the polyproline leads
to a change in the FRET behavior. Having the experimental tools at hand,
I decided to search for such an effect. For this, suitably labeled polyproline
samples were highly purified to avoid contributions by donor-only molecules.
These purified peptides were measured in various solvent conditions to screen
possible interactions between the fluorescent dye and the peptide. An exten-
sive analysis of the experimental data revealed no experimental indication for
such a sticking behavior. Additionally, the experimentally determined trans-
fer efficiency histograms were used for a direct comparison to the simulated
transfer efficiency histograms, showing a good agreement between simulated























6 Direct Combination of Single-Molecule Förster Transfer and
Photoinduced Electron Transfer in Polypeptides from a Com-
prehensive Analysis of Photon Statistics
In the last chapter of this work I present strategies to combine fluorescent probes for short-
range (PET) and long-range (FRET) protein chain dynamics on a single molecule. Novel
photon statistical fitting methods to deconvolve the different dynamic contributions, as found
in the corresponding ns-FCS measurements, were developed. To verify this novel approach,
different test systems of increasing dynamic complexity were produced and extensively studied.
As a starting point, the extent of quenching of the fluorescent dyes Alexa 488 and Alexa 594
by naturally occurring amino acids was explored. Performing ensemble lifetime measurements
and ns-FCS measurements allowed us to derive information about the dynamic and static
quenching contributions. These results revealed a significant quenching of both fluorescent
dyes by Trp which paved the way for further experiments using Alexa 488 and Alexa 594 as
a FRET pair and Trp as the quenching amino acid.
Next, polyprolines carrying a single fluorescent dye and a Trp residue at different distances
from the labeling position, separated by a flexible Glycine-Serine linker, were used to quantify
the extent of the quenching effect at short distances within peptides and proteins. In the
next step, a second fluorescent dye was attached to the polyprolines to generate a FRET
system consisting of an Alexa 488 dye as a donor and an Alexa 594 as an acceptor fluorescent
dye. Highly site specific labeling, and therefore control if either the donor or the acceptor
dye was quenched, allowed us to study the effect of donor or acceptor quenching in a static
FRET system where the rigidity of the polyprolines between the two fluorescent dyes lead
to no observable peptide chain reconfiguration dynamics within the experimental timescales.
Extensive studies of the quenching effects which lead to changes in the observed ns-FCS curves,
transfer efficiency histograms and ensemble fluorescence lifetimes increased our understanding
of the mechanism of these effects and their magnitude.
To complete this work we produced several variants of the N-terminal domain of HIV-1
integrase, an intrinsically disordered protein, to study the convoluted effects of quenching dy-
namics between a single intrinsic Trp residue and either the donor or acceptor fluorescent dye
together with the FRET dynamics between the two fluorescent dyes caused by the diffusional
motion of the unfolded polypeptide chain. With this system we were able to show that our
novel global fitting strategy for the ns-FCS data, together with constraints from additional
fluorescence experiments, allowed us to completely quantify the involved quenching and FRET
dynamics. While this study exploits the quenching dynamics to study long and short-range
dynamics, the methods presented can also be applied to systems undergoing undesired, and
thus complicating, photo physics. The rigorous quantification and separation of these effects,
as the one presented here, allows to correct the obtained experimental data and to derive
more reliable results from single-molecule experiments.
6.1 Effect of Static and Dynamic Quenching on Gamma and on the Trans-
fer Efficiency
To account for differences in donor and acceptor quantum yields and collection efficiencies, a





where nA and nD are the number of detected fluorescent photons in the acceptor and donor






ξD,A and QD,A denote the detection efficiencies and the quantum yields of the fluorescent
dyes, respectively. It is calculated from the detection efficiencies of the detectors for the
donor and acceptor photons (ξD, ξA) and from the quantum yields of the used fluorescent dyes
(QD, QA). In the following it will be discussed how E, γ and R60 change due to dynamic and
static quenching. We determine the γ of our instruments together with the used fluorescent
dyes using pure dye solutions. The obtained γo does not include changes in the brightness
due to the attachement of the dyes to peptides or proteins.
6.1.1 Dynamic Quenching
Dynamic quenching changes the quantum yield of a fluorescent dye. The new quantum yield,





τq and τ0 are the mean fluorescent lifetimes in presence and in absence of the quencher. With
this equation, the correction factor γq, which includes corrections for dynamic donor and

















where γ0 is the correction factor in the absence of quenching and τD,A are the mean donor or
acceptor fluorescent lifetimes.





Here the reduced Förster radius R¯60 is introduced [91], which is also used in the following










Dynamic donor quenching leads to a decrease in transfer efficiency calculated according to
equation 7 due to a decrease of the Förster radius.
6.1.2 Static Quenching
In static quenching the quencher can form a nonfluorescent complex with the fluorescent
dye. Upon excitation, this complex relaxes radiationless to its ground state (See section
1.1.3). Static donor quenching introduces a quenched donor population, which does not emit
photons, nor has the capability to transfer energy from the donor to the acceptor dye due to
the very fast relaxation processes within the quenched complex. However, the quantum yield
and therefore the Förster radius of the unquenched donor population is not affected by static
quenching.
Compared to the timescale of a single molecule diffusing trough the confocal volume, which
is typically in the range of 1 ms, the on- and off-rates for the static quenching processes are fast
(in the range of hundreds of nanoseconds to microseconds). This leads to an interconversion
between quenched and unquenched states of the fluorescent dye during a diffusional event
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and therefore γ0 must be adjusted for the reduced amount of acceptor photons. Using the













The complex formation between the fluorescent dye and the quencher, as found in static
quenching, can lead to a change in the absorption spectra and in the extinction coefficient
of the fluorescent dye. A change in the absorption spectrum of the acceptor dye changes the










The fast interchange between the quenched and unquenched states during the observation


















For Alexa 594, the acceptor dye investigated in this study, a slight decrease in the extinc-
tion coefficient and a redshift of the absorption spectra was found. This leads to a smaller
overlap integral Jq and therefore to a decreased Förster radius compared to the non-quenched
system.
6.2 Characterization of the Tryptophan Quenching Effect on Alexa 488
and Alexa 594
Of the naturally occurring amino acids, L-Tryptophan (Trp) is the one with the largest quench-
ing effect on the Alexa 488 and Alexa 594 fluorescent dyes [10]. Therefore we characterized
the dynamic and the static quenching interactions of these dyes with free Trp. To obtain
information about dynamic quenching, we performed ensemble lifetime experiments at vari-
ous concentration of Trp, as shown in figure 5(c). Fitting the obtained lifetimes allows us to
determine the rate constants for collisional quenching as summarized in table 1. To evaluate
whether each collisional encounter leads to dynamic quenching, i.e. whether the dynamic
quenching process is diffusion-limited, a calculation of the collision frequency between dye
and quencher was performed. The diffusion coefficients of the dyes (including the hydrolyzed
linker) and of Trp were calculated using the Wilke-Chang estimation method combined with
the additive method by Schroeder for estimating molar volumes at the normal boiling point
[87]. The obtained molar volume for Trp is 217 cm3mol-1and the corresponding diffusion
coefficient in water at 25 °C is 6.7·10-6cm2s-1, which is in good agreement with experimentally
reported values [88, 60]. The calculated values for Alexa 488 and Alexa 594 are listed in
table 1. Using an estimated collision radius (Rcol) of 0.5 nm between the dye and Trp [20, 78]
together with the diffusion constants of the dye Df and the quencher Dq allows us to estimate
the collision rate constant (kcol) by applying the following equation [60, 20]:
kcol = 4piR (Df +Dq) (17)
A comparison of the experimental rate constants to those calculated for a diffusion-limited
quenching process suggests that the dynamic quenching of Alexa 488 is indeed diffusion-
limited. For Alexa 594, the experimentally determined rate constant is significantly smaller
than the one expected for a diffusion-limited process.
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The static quenching contribution was studied using high-resolution sub-ns FCS experi-
ments with a 1 nM concentration of fluorescent dye and millimolar concentrations of Trp. A
typical result of such an experiment at 40 mM Trp with Alexa 488 and Alexa 594 is shown in
figure 5(a,b). A significant amplitude caused by the static quenching process was found for
both dyes. Fitting these ns-FCS curves using















where τab, τb, and τT are the correlation times of photon antibunching, conformational dynam-
ics, and triplet dynamics, cab, cb, cT are the corresponding amplitudes and α is the diffusional
amplitude respectively. This fits reveal a larger amplitude (cb) for Alexa 594 compared to
Alexa 488 (See table 1). From the direct relation between this amplitude (cb) and the equi-





we conclude that Alexa 594 forms more stable complexes with Trp than Alexa 488. As we aim
to use static quenching to investigate conformational dynamics within polypeptides, quanti-
tative knowledge of the ratio between the collision rate and the rate for complex formation
is needed. Due to the diffusion-limited dynamic quenching constant, a comparison of the
collisional quenching rate and the on-rate of the static quenching process can reveal this ratio
(See table 1(I)). It is important to mention that this ratio can be influenced by geometrical
factors such as the ones introduced by attaching the dyes to a protein chain.
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Figure 5: Dynamic and static quenching of Alexa 488 and Alexa 594 with Trp as a quencher.
a,b) ns-FCS experiments of 1 nM Alexa 488 (green, a)) and Alexa 594 (red, b)) fluorescent
dye with 40 mM Trp. The decays on the 10 ns timescale result from the static quenching
process. The blue lines indicate the fit using equation 18. The use of a HeNe gas laser, for the
excitation of Alexa 594, led to the characteristic ns oscillations superposed on the correlation
signal (shown in b). An exchange of the HeNe laser with an identical one had no effect on
these oscillations, indicating a general problem introduced by using such lasers. The period
of this effect is in the range of 3 ns, indicating a time-of-flight effect within the gas laser tube.
c) Stern-Volmer plots for Alexa 488 (green) and Alexa 594 (red). From a linear fit of the
points using τ0τ = 1 + kqτ0 [Trp], the collisional quenching rate constants shown in table 1 are
obtained.
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Alexa 488 Alexa 594
Ensemble Lifetime Measurements %E
A Unquenched lifetime τ0 = 4.06 ns τ0 = 4.06 ns 2%
B Stern-Volmer quenching
constant
KD = 14.2 M-1 KD = 8.2 M-1 2%
C Dynamic quenching rate
constant
kq = 3.5 · 109 s-1M-1 kq = 2 · 109 s-1M-1 5%
D Quenching rate at 40 mM
Trp
k = 0.14 ns-1 k = 0.08 ns-1 5%
ns-FCS Measurements at 40 mM Trp
E ns-FCS amplitude cb = 0.68 cb = 1.23 5%
F ns-FCS decay time τb = 8.53 ns τb = 12.50 ns 10%
G Static quenching on-rate kon = 0.048 ns-1 kon = 0.043 ns-1 20%
H Static quenching off-rate koff = 0.071 ns-1 koff = 0.036 ns-1 15%
I Complex formation
efficiency




Vb = 644 cm3mol-1 Vb = 896 cm3mol-1 15%
K Diffusion coefficient
(Wilke-Chang)
D = 3.5 · 10−6 cm2s-1 D = 2.9 · 10−6 cm2s-1 25%
L Diffusion coefficient
2-Focus FCS
D = 3.7 · 10−6 cm2s-1 - 10%
M Collision rate constant
(Equation 17)
kcol = 3.9 · 109 s-1M-1 kcol = 3.6 · 109 s-1M-1 65%
Table 1: Results from quenching experiments of Alexa 488 and Alexa 594 with Trp as a
quencher. In the right column relative errors are shown. In the upper part, the quenching rates
extracted from ensemble lifetime experiments of fluorescent dyes for different concentrations
of Trp are shown. A) Lifetimes of the unquenched fluorescent dyes in buffer (100 mM KPO4,
143 mM Mercaptoethanol, 0.001% Tween 20, pH 7.2). B) Dynamic quenching constants from
Stern-Volmer plots shown in figure 5 c). C) Dynamic quenching rate constants calculated
using kq = KD/τ0. D) For comparison with the ns-FCS experiments (See figure 5 (a,b)),
the dynamic quenching rate at 40 mM Trp are shown. In the second part of the table, the
results for the ns-FCS measurements performed at 40 mM Trp are shown. E/F) Amplitudes
and decay times from the fits to the ns-FCS data shown in figure 5 (a,b). G/H) On-rates
and off-rates of the static quenching complexes calculated using a two-state quenching model
and therefore the following relationship: cb = konkoff and τb =
1
kon+koff
[20]. I) Assuming a
diffusion-limited dynamic quenching process, the ratio between the dynamic quenching rates
at 40 mM Trp (D) and the on-rate of the static quenching processes (G) reports on the number
of dye-Trp encounters needed until a statically quenched complex is formed successfully. In
the last part of the table, the results for the calculations of the diffusion coefficients and of
the theoretical collision rate constants are shown. J) Molecular volume at the normal boiling
point of the dyes including the hydrolyzed linker calculated using Schroeder‘s additive method
[80, 87]. K) Diffusion coefficient calculated by the Wilke-Chang estimation method using the
molecular volume shown in J) [80, 87]. L) For comparison the diffusion coefficient of Alexa
488 was measured using a 2-focus FCS setup (Bengt Wunderlich, personal communication).
M) The theoretical collision rate constant was calculated using equation 17.
As discussed in section 6.1.2, the interaction between a static quencher and the acceptor
fluorescent dye can lead to a change in the absorption spectra and therefore in R0. In order to
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quantify this effect, absorption spectra of Alexa 594 were measured at various concentrations
of Trp (See figure 6). From these spectra, the overlap integrals and the change in R0 was
calculated (See figure 7)1. At the solubility limit of Trp in aqueuos buffer (approximately 50
mM), convergence was not yet achieved for the values of R0q. Therefore the points were fitted
with a binding isotherm (blue line in figure 7):
R0 (Trp) =
KsqR0 (0) +R0q [Trp]
Ksq + [Trp]
(20)
From this fit, it was possible to assign values to the equilibrium constant (Ksq =25.5 mM),
the unquenched Förster radius (R0 =54.1 Å) and the quenched Förster radius (R0q =52.0
Å). A comparison to the equilibrium constant obtained from the ns-FCS experiments which
is 33.5 mM, showed a good agreement.
Figure 6: Absorption spectra of Alexa 594 recorded at different concentrations of Trp (0-
50 mM, Blue → Red). For Alexa 594 static quenching leads to a redshift of the absorbance
spectra together with a reduction of the extinction coefficient. A similar behavior was reported
for the oxazine derivative MR121 [20].
1The largest error in calculating R0 results from the uncertainty in the extinction coefficient of the Alexa
594 fluorescent dye. Since this dye is usually bought from Invitrogen in milligram quantities, there is not
enough material available to determine the extinction coefficient. That is the reason why we heave to rely on
the values provided by the manufacturer. Unfortunately the specified values fluctuated between 73’000 and
92’000 M-1 cm-1 during the last years.
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Figure 7: Förster radius at different concentrations of Trp. The blue line is a fit to the data
according to equation 20. From the experimental scatter and the uncertainty in the extinction
coefficient of Alexa 594, the estimated error is 5%.
With these experiments, all relevant parameters for characterizing the quenching of Alexa
488 and of Alexa 594 with Trp were obtained. Both dyes are dynamically and statically
quenched. For Alexa 488, we showed that the dynamic quenching process is diffusion-limited.
These experiments demonstrate the possibility of using the Alexa 488/594 FRET pair with Trp
as a quencher in a single experimental system. Theoretically, the planarity of the fluorescent
dyes would allow simultaneous stacking of two Trp residues on separate sides of the delocalized
electron system. However, due to no Trp concentration dependence in the experimentally
found off-rates of the static quenching reaction, such a scenario is improbable for the Alexa
488 and the Alexa 594 fluorescent dyes.
6.3 Polyprolines as a System to Study Quenching Effects on a Static FRET
Distance
6.3.1 Design and Synthesis of Polyproline Variants
The polyproline constructs were designed building on the experience from earlier experiments
on a similar system performed by Schuler et al. [96]. For the Alexa 488 and the Alexa
594 fluorescent dyes as FRET probes for single-molecule experiments, polyprolines with 20
proline residues as rigid spacers between the fluorescent dyes were shown to lead to a mean
transfer efficiency of approximately 0.6 [96]. In order to have a high sensitivity for FRET
changes together with an approximately equal amount of donor and acceptor photons, this
spacer distance was chosen for the new constructs. In order to introduce PET quenching, a
flexible (Glycine-Serine)n linker, carrying the quenching Trp, was attached on the C-terminal
end of the polyproline. Neuweiler et al. used the oxazine fluorophore MR121, attached to
similar linkers, to study distance-dependent quenching effects of Trp [78]. They found a strong
quenching effect for linker lengths of 4-10 residues. Therefore we decided to make constructs
with similar distances spanning a range from 2 to 8 residues between the cysteine to which the
fluorescent dye was attached and the Trp. In order to avoid effects on the transfer efficiency
histograms due to varying steric constraints introduced by different linker lengths, the same
length was used for all peptides with Trp located at different positions in the linker. Figure 8
gives an overview of the different peptide constructs. The corresponding sequences together
with the labeling positions are summarized in table 9. In addition to the constructs and the
data presented in this work, new variants of the fluorescent dyes with different linker lengths
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were synthesized and attached to the same peptide constructs. This allowed us to obtain
insights into the influence of the dye-linker length on quenching dynamics.
The peptides were produced by solid phase synthesis and purified to 80-90% according to
analytical HPLC and ESI-MS2. The reduced cysteines were either labeled with Alexa Fluor
488C5-maleimide3 or Alexa Fluor 594C5-maleimide4 according to the protocol supplied by the
manufacturer. An initial purification was performed using size exclusion chromatography5.
A further purification step using reverse phase chromatography6 was performed to remove
residual dye molecules. A typical HPLC gradient from 0.1 % TFA in H20 to 40% Acetonitrile
over 50 minutes was performed. The flow rate was at 1 ml/min. The gradients were optimized
for each peptide by using multiple analytical runs. The lyophilized peptides were redissolved in
a 200 mM pH 9.2 sodium bicarbonate buffer and labeled on the N-terminal glycine using either
Alexa Fluor 488 succinimidyl ester7 or Alexa Fluor 594 succinimidyl ester8. The labeling of the
glycine residue was found to be difficult. Various attempts using different solvents, incubation
times, temperatures and sonication steps of the samples during the labeling reactions were
done. Sonicating the samples during the reaction together with an up to 50 fold molecular
excess of reactive dye proved to be the method of choice for the second labeling step. The
large excess of dye prohibited a direct purification of the constructs via size exclusion or
reverse phase columns due to potential irreversible contamination of the columns. Therefore
the amount of free dye was first depleted using disposable columns such as gravity flow9 or
spin10 columns. Multiple cycles of reverse phase purification followed this initial step. The
labeling success was controlled using single-molecule spectroscopy and ESI-MS.
Figure 8: Overview of the polyproline constructs investigated in this work. On the left side
a construct with a quenched donor and on the right side with a quenched acceptor is shown.
The fluorescent dyes are highlighted by green (Alexa 488) and red (Alexa 594) stars. The
numbers indicate the different positions of the quenching Trp. In the structures shown here,
the Trp is at the position called W9.
2PEPTIDE 2.0, Chantilly, VA, USA
3A10254, Invitrogen, Eugene, Oregon, USA
4A10256, Invitrogen, Eugene, Oregon, USA
5Superdex Peptide 10/300GL, GE Healthcare, UK
6XTerra RP18 Column, 5 µm, 4.6 x 250 mm, 186000496, Milford, MA, USA
7A20000, Invitrogen, Eugene, Oregon, USA
8A20004, Invitrogen, Eugene, Oregon, USA
9Polyacrylamide Desalting Columns, 1800, 5 ml, 1862253, Thermo Scientific, Rockford, IL, USA
10Zeba Spin Desalting Columns, 7K MWCO, 0.5cml, 89882, Thermo Scientific, Rockford, IL, USA
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Figure 9: Sequence overview of the polyproline constructs with the labeling positions. The two
labeling positions consisting of the N-terminal glycine and of a cysteine residue at position 22,
as well as the quenching Trp, are indicated in bold. Below the labeling positions, the different
variants, where either the donor (Alexa 488) or the acceptor (Alexa 594) dye is quenched, are
indicated. For simplicity, the peptide names are abbreviated (Ref, W3, W5, W7, W9) in the
following discussions.
6.3.2 Experimental Results
Fluorescence Lifetimes Ensemble fluorescence lifetimes were measured using a custom-
built fluorescence lifetime spectrometer, mainly consisting of a supercontinuum fiber laser11
and a microchannel photomultiplier tube12 in a perpendicular configuration, connected to a
photon counting module13. Depending on the available amount of sample, the measurement
concentration was either 0.1 or 1 μM in a standard measurement buffer (See section 6.3.2).
To avoid contributions by rotational effects, all the lifetimes were measured in a magic angle
configuration where the fluorescence emission was measured at an angle of 54.7 relative to the
excitation polarization. Before and after each measurement series, an instrument response
function (IRF) was recorded. The resulting data was fitted using a fitting function consisting
of the IRF and of a single exponential decay term. The data from all constructs was well
fitted by a single exponential decay, indicating a homogeneous sample composition. Figure
10 shows two fluorescence lifetime measurements as an example. A significant difference can
be seen between the polyproline with (dark green) and the one without Trp (green).
11SC-450-PP, Fianium, Southampton, UK
12PMT R3809U-50, Hamamatsu, Shizuoka, Japan
13PicoHarp 300, PicoQuant GmbH, Berlin, Germany
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Figure 10: Example fluorescence lifetime measurements of donor only polyproline peptides.
The bright green points show an experiment with the Ref construct, lacking a Trp. The
dark green points show a measurement with the W3 construct. The blue lines indicate the
corresponding fits.
Figure 11 shows the results for the lifetime fits. Comparing the values for the reference
(“Ref”) to the values for the constructs containing a quenching Trp (3-9) reveals a signifi-
cant dynamic quenching contribution, which is, within the accessible distance space, almost
independent of the sequence separation between the dye and the quencher. As for the exper-
iments with free dye and free Trp (See section 6.2), a larger dynamic quenching effect was
found for Alexa 488 compared to Alexa 594. From assuming that the dynamic quenching
observed for the labeled peptides is a reporter for collisional encounters between the dye and
the quencher as for the free dye (See section 6.2), and therefore for the chain dynamics of the
flexible linker, its possible to conclude that there is only a small observable distance effect
for the separations used here. This finding is in good agreement with the results reported by
Neuweiler et al. where they found almost identical quenching on-rates for dye-quencher sepa-
rations of 4-10 amino acids [78]. As a possible explanation they mention the finite dimension
of the dye-quencher reporter system [78]. Using triplet-triplet energy transfer as a reporter,
Krieger et al. also measured contact rates of glycine-serine polypeptides [58]. They found a
Gaussian chain behavior for peptides with distances longer than 20-30 amino acids. Below
this value, they found a reduced distance scaling and convergence of the contact formation
rates. This effect was explained as an increase in chain stiffness at short distances due to
specific intrachain interactions and excluded volume effects. To verify that only the dye on
the cysteine (see table 9) is dynamically quenched, the lifetimes of variants carrying an Alexa
488 dye on the cysteine and an Alexa 594 on the non-quenched N-terminus were measured
using direct excitation of the Alexa 594 dye. As shown in figure 11, no significant difference in
the lifetimes between the reference and the constructs containing a Trp was found. Therefore
its safe to state that there is indeed no dynamic quenching effect on the N-terminal labeling
position.
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Figure 11: Results from single exponential fits of ensemble lifetimes measured in a magic angle
configuration to avoid contributions by rotational effects. Red triangles: Acceptor quenched
variant measured using direct acceptor excitation. Green triangles: Donor-only variants of
the donor quenched constructs. Red circles: As a control, acceptor direct excitation of the
donor quenched variants. Different sequence separations between the fluorescent dye and the
quenching Trp are indicated on the x-axis. “Ref” represents the lifetimes measured for the
corresponding control lacking a Trp. The errors are within the size of the symbols.
Histograms and Transfer Efficiencies Single-molecule experiments were carried out for
all constructs using 50 pM labelled sample in 100 mM Potassium Phosphate buffer, 143
mM Mercaptoethanol, 0.001% (v/v) Tween 20, pH 7.2. The laser power of the 488 nm
CW laser was adjusted to 100 μW. The usual measurement time was one hour. Fluorescent
bursts were detected using a lower threshold of 30 photons per event. To reduce the effect of
photobleaching, bursts with an assymetric distribution of red and green photons were removed
from the analysis. As discussed in section 6.1, a correction factor γ is used to calculate the
transfer efficiency histograms from the raw photon counts of a single-molecule experiment.
However, the use of a single correction factor γ does not allow to rigorously correct for all
the influencing factors. Therefore we implement this γ correction using a matrix approach
which introduces corrections for differences in the fluorescence quantum yields of the free dyes,
detection efficiencies for green and for red photons, direct excitation of the acceptor as well as
crosstalk between the collection channels. The relation between the raw photon counts nA,0
and nD,0, for example those measured in a two channel confocal microscope, and the corrected


















The matrix aij consists of the cumulative correction factors for differences in quantum
yields, the different collection efficiencies for donor and acceptor photons, and the crosstalk
between the detectors. The matrix consisting of bA and bD contains the background count
rates for each detection channel. Subtracting the background counts, followed by a multipli-



















The experimental correction factors aij , which are unique parameters of the confocal
instrument together with the used fluorescent dyes, are measured using micromolar solutions
of fluorescent dyes (With hydrolized reactive groups). Attaching the dyes to proteins or
peptides, as in the case of the polyprolines shown here, can lead to dynamic and static
quenching and therefore to a change in the correction factors. Knowing the change of the
fluorescence lifetimes for the donor and the acceptor dyes upon quenching (τQD, τQA) together
with the knowledge of the static quenching constant of the acceptor dye (KAs) allows the





















Here the aij values are obtained by using pure dye solutions with the corresponding flu-
orescence lifetimes (τ0A, τ0D). As a last step, n′A has to be corrected for direct excitation of
the acceptor according to
nA = n
′
A − (n′A + nD)εA/(A + D), (24)
where A and D are the extinction coefficients of donor and acceptor at the excitation wave-
length.
Figure 12 shows the resulting transfer efficiency histograms obtained for the polyproline
peptides with quenched donor. The column on the left shows the analysis performed using
the aij values from the dye calibration. Introducing a Trp (W3-W9) leads to a shift of the
calculated transfer efficiencies due to the change in the donor lifetime and therefore in the
corresponding donor quantum yield. Measuring the ensemble fluorescence lifetimes of donor
quenched donor-only constructs and using the values to perform a correction according to
equation 23, results in the calculated transfer efficiency histograms shown on the right column.
Here, the only difference between the reference construct and the constructs carrying a Trp
should arise from the quenching induced change in the Förster radius. The multiplication
by the quenching correction (See equation 23) leads to an artificial increase of the number
of photons and therefore to an increase in the number of found bursts as indicated by the
numbers on the left side of the histograms.
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Figure 12: Transfer efficiency histograms of the polyproline peptides with quenched donor.
Each row shows histograms with an increasing distance separation between the donor dye and
the quenching Trp as indicated by the inset. As a reference, a construct lacking Trp is included
(Ref). The black line tracing the histogram indicates the fit of the two populations, in which
the donor-only peak at zero transfer efficiency was fitted with a Gaussian and the transfer
peak with a Lognormal distribution. The left column shows the histograms without correction
for the quenching effects. The right column shows histograms from the same experiments
including the matrix countrate corrections (See equation 23) for dynamic quenching effects.
The dashed black line is a guide to the eye to highlight the offset relative to the reference
measurement. The y-axis indicates the number of detected fluorescent events (bursts).
Figure 13 shows the polyproline peptides with quenched acceptor. In contrast to donor
quenching (figure 12), the multiplicative effect of dynamic and static acceptor quenching leads
to a much more dramatic effect if no quenching correction is applied. The left column again
shows the calculated histograms using the correction values from a pure dye calibration. Intro-
ducing the Trp (W3-W9) leads to a change of up to 0.2 in the calculated transfer efficiencies.
Applying the correction using equation 23 with the ensemble fluorescence lifetimes measured
by acceptor direct excitation together with the static equilibrium quenching constants derived
from the static quenching on- and off-rates of the photon statistics fits (See section 6.3.3),
leads to the histograms shown in the right column which are in good agreement with the
reference construct. An alternative strategy to measure the static acceptor quenching is by
performing ns-FCS experiments using acceptor direct excitation and fitting the data with a
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two state quenching model (See caption of table 1).
Figure 13: Transfer efficiency histograms of the polyproline peptides with quenched acceptor.
Each row corresponds to an increasing distance separation between the acceptor dye and the
quenching Trp as indicated by the inset. As a reference, a construct lacking a Trp is included
(Ref). The black line tracing the histogram indicates the fit of the two populations, in which
the donor-only peak at zero transfer efficiency was fitted with a Gaussian and the transfer
peak with a Lognormal distribution. The left column shows the histograms without correction
for the quenching effects. The right column shows histograms from the same experiments
including the matrix countrate corrections (See equation 23) for dynamic and static (photon
statistics fits of ns-FCS data) quenching effects. The dashed black line is a guide to the eye
to highlight the offset relative to the reference measurement. The y-axis indicates the number
of detected fluorescent events (bursts).
To summarize the influence of Trp quenching on the calculated transfer efficiency his-
tograms and to underscore the importance of applying the correct correction factors, the
peaks in the transfer efficiency histograms were fitted using a Lognormal distribution and
the resulting transfer efficiencies are shown in figure 14. This illustrates the strong effect of
quenching on the transfer efficiency histograms. In the most prominent case, namely in the
acceptor quenching of the W3 peptide, the quenching leads to a shift of around 0.2 in the
observed transfer efficiency. It also shows, how an exact quantification of the quenching effects
together with the application of the introduced correction strategy can again lead to reliable
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results.
Figure 14: Transfer efficiencies of the polyproline constructs obtained by fitting the transfer
peak of the calculated transfer efficiency histograms using a Lognormal distribution. Plotted
is the maximum of the Lognormal distribution. Different sequence separations between the
fluorescent dye and the quenching Trp are indicated on the x-axis. “Ref” represents the
transfer efficiency measured for the control constructs lacking Trp. The green symbols show
the values for donor quenching and the red symbols for acceptor quenching. The triangles show
the transfer efficiencies calculated using a default matrix countrate correction and therefore
no correction for quenching effects. The circles show the transfer efficiencies calculated using
a matrix countrate correction which is corrected for static and dynamic quenching effects.
The error in fitting transfer efficiency histograms is approximately 5%.
6.3.3 Using Photon Statistics to Probe the Quenching Dynamics and to Explain
the Experimental ns-FCS Data
Starting with the first ns-FCS measurements performed in our group, we have used an elegant
theoretical formalism introduced by Irina Gopich and Attila Szabo for calculating theoret-
ical intensity correlation curves [27, 29, 74, 75]. The formalism allows incorporating both
photophysical effects such as photon antibunching and triplet blinking as well as the effect
of the conformational dynamics of the polypeptide chain via FRET in the photon statistics
calculation of ns-FCS curves [27, 29].
However, in the earlier studies, the calculated ns-FCS curves were not directly fitted to
the experimental data. Instead, the experimental curves were fitted with a much simpler
model as shown in equation 18 [74, 75]. From all fit parameters, only τb was compared to the
corresponding value obtained from the theoretical calculations. A quantitative comparison
of the amplitudes was not included. This approach is justified by the assumptions that,
first, the timescales of all three dynamic processes captured in the above equation are well
separated (antibunching: 1-5 ns, chain dynamics: 20-100 ns, and triplet blinking: 1-10 μs),
and second, that within experimental error, all processes are sufficiently well described by
single exponential correlation functions. This simplifying assumptions hampered a meaningful
quantitative comparison of the amplitudes, and hence a full understanding of the experimental
curves. However, it could be verified that the obtained time constant τb was correct and this
was the main focus of the earlier work [74].
In the cases studied in this work, where we aim to disentangle FRET dynamics and PET
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dynamics, which occur simultaneously and on comparable timescales, it becomes crucial to
understand the measured ns-FCS curves in much more detail. Hence, we decided to fit the
calculated correlation curves directly to the experimental ns-FCS data and we extended the
underlying model by the previously neglected process of singlet-singlet annihilation. Of course
also the effect of donor and acceptor quenching by Trp (or other fluorescence quenchers) had
to be included as well as more technical effect such as detection crosstalk, acceptor direct
excitation, etc.
In the following sections I will first give a general description of the mathematical method
used for calculating fluorescence correlation functions for a complex photophysical system.
Then I will introduce the specific models used for the systems studied here. I will further give
some technical information on how to calculate the ns-FCS curves efficiently and finally I will
present the result of the analysis of the experimental data.
Calculating Intensity Correlation Functions from Kinetic Models In order to cal-
culate the correlation functions, the formalism developed by Gopich et al. was used [29]. A
rate matrix K describes all electronic and conformational transitions between the states of
the system [74]. The off-diagonal elements of the matrices VD and VA contain the radiative
rates of the monitored transitions [74]. The time dependence of the system is described by a




where the sum of all elements of p is normalized to one (1>p = 1). With pSS we denote the
steady state solution of equation 25, i.e. KpSS = 0. The fluorescence correlation functions




with i, j = A,D (26)
where 1 is the unity vector, τ is the delay time and eKτ is the matrix exponential of Kτ .
Correlation functions with i = j are called autocorrelations and for i 6= j crosscorrelations.
Photon Statistics Model Implementation A major challenge in applying such a photon
statistics approach is to find a suitable model adequately describing the experimental system
without introducing too many states that are inaccessible to experimental investigation. A
four-state FRET model consisting of a non fluorescent ground state (DA), a donor- (D*A)
and an acceptor-excited state (DA*) as well as a double-excited state (D*A*) was used as a
starting point (see middle section of figure 15). This model was extended to introduce static
donor and acceptor quenching. For static donor quenching, two new states were introduced,
DQA and DQA*. In both states, the donor quencher complex DQ is formed, whereas the
acceptor is in its ground state A or excited state A*. A* can be excited by the laser light
with the rate constant kexA. From the absorption spectra of Alexa Fluor 488 and 594 one
finds kexA ' 0.05 · kexD at the excitation wavelength of 488 nm. Analogously, one introduces
two states DAQ and D*AQ for describing acceptor quenching. It is important to take into
account that static quenching leads to a change in the absorption spectra of the acceptor and
therefore to a changed FRET transfer rate due to the change in Förster radius (See section
6.2). kFQ(r) is the corrsponding changed Förster transition rate constant, which describes
the depopulation of D*AQ to DAQ. This effect leads also to a significant change in the donor-
donor autocorrelation function GDD(τ).
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Figure 15: Jablonsky diagram of the electronic and molecular transitions of a FRET system
in presence of static donor and acceptor quenching. In the upper corners illustrations of the
dye and quencher arrangement are shown. Both FRET systems consist of an Alexa 488 dye as
a donor (green star) and an Alexa 594 dye (red star) as an acceptor. The PET quencher Trp
is highlighted in brown. On the upper left side, the situation for donor quenching is shown
and on the upper right side for acceptor quenching. The systems were designed such that
only one dye, either the donor or the acceptor, is quenched by the TRP.
The experimental systems are designed such that either the donor or the acceptor dye is
quenched by the Trp residue. The second fluorescent dye is sufficiently far away from the
quencher that its quenching can be neglected.
In the case of donor quenching, the following six states are needed: DA, DQA, DQA*,
D*A, DA*, D*A* (same order as in the matrices). The rate matrix describing the electronic
and conformational transitions is
K =

K11 koffD 0 kD kA 0
konD K22 kA konD 0 0
0 kexA K33 0 konD konD
kexD 0 0 K44 0 kA
kexA 0 koffD kF K55 kD + kSSD
0 0 0 kexA kexD K66
 , (27)
where the diagonal elements Kii, are given by the requirement that the sum over the elements
of each column is zero. The radiative transition matrices are given by VD = ξDQDkDV˜D
and VA = ξAQAkAV˜A, where ξi and Qi are the detection efficiency and the quantum yield,
respectively. V˜D and V˜A are given by
V˜D =

0 0 0 1 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 1
0 0 0 0 0 0
 , V˜A =

0 0 0 0 1 0
0 0 1 0 0 0
0 0 0 0 0 0
0 0 0 0 0 1
0 0 0 0 0 0
0 0 0 0 0 0
 . (28)
In the case of acceptor quenching, the system consists of the following states: DA, DAQ, D*A,





K11 koffA kD kA 0 0
konA K22 0 konA kD + kFQ 0
kexD 0 K33 0 koffA kA
kexA 0 kF K44 0 kSSD + kD
0 kexD konA 0 K55 0
0 0 kexA kexD 0 K66
 . (29)
V˜D and V˜A are given by
V˜D =

0 0 1 0 0 0
0 0 0 0 1 0
0 0 0 0 0 0
0 0 0 0 0 1
0 0 0 0 0 0
0 0 0 0 0 0
 , V˜A =

0 0 0 1 0 0
0 0 0 0 0 0
0 0 0 0 0 1
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
 (30)
Note that since the prefactors ξiQiki of the radiative transition matrices cancel in equation







Effect of Detection Channel Crosstalk on the Correlation Functions Due to the
broad emission spectrum of Alexa Fluor 488, some donor photons are detected in the acceptor
detection channel. We define the crosstalk β as the ratio between donor photons detected
in the acceptor detection channel and donor photons detected in the donor channel. For our
instrument, the crosstalk was determined to be β ' 0.08. In order to calculate more accurate
correlation functions, we have to take the crosstalk into account. This is done by modifying
the detection rate matrix for the acceptor detection channel according to
VAC = VA + βVD. (32)
Dividing this equation by ξAQAkA we obtain






Effect of the donor-only population on the correlation functions Due to imperfec-
tions in the purification as well as due to photo bleaching of the fluorescent dyes, our samples
contain subpopulations of polypeptides lacking an active donor or acceptor dye. These sub-
populations contribute to the fluorescence signal and in consequence also to the ns-FCS curves.
Here we consider only the subpopulation of peptides which have an active donor but not an
active acceptor fluorescent dye. We call it the ‘donor-only population’. The subpopulation of
peptides having only an active acceptor dye is neglected as the 488 nm laser light only weakly
excites it.
The influence of the donor-only population on the correlation function can be described
by using the general FCS formula for a mixture of two species. Denoting the donor-only








(NfBf,i +NdBd,i) (NfBf,j +NdBd,j)
(34)
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Here Nf and Nd are the mean number of particles of each species present in the confocal
volume, Bf,i and Bd,i are the relative brightnesses of the species as observed in detection
channel i, and Gfi,j and G
d
i,j are the correlation functions for each species, where again i and
j denote the detection channels. For the relative brightnesses one finds:
Bf,D = (1− E) , Bf,A = γ(E + α) + β (1− E) , Bd,D = 1, and Bd,A = β (35)
Here the brightness of the donor-only species detected in the donor detection channels is
set to one. Further we introduce the ratio rd = Nd/Nf and we finally obtain for the correlation
functions:
GDD (τ) =
(E − 1)2GfDD (τ) + rdGdDD(τ)
Nf (1− E + rd)2 (36)
GAA (τ) =
rdβ
2GdAA (τ) + (β − Eβ + (E + α) γ)2GfAA(τ)





DA (τ) + (E − 1)((E − 1)β − (E + α)γ)GfDA(τ)




AD (τ) + (E − 1)((E − 1)β − (E + α)γ)GfAD(τ)
Nf (−1 + E − rd)((−1 + E − rd)β − (E + α)γ) (39)
This approach can be extended for additional subpopulations within an equilibrium ensem-
ble such as a high FRET native state population in equilibrium with an unfolded population
of the same molecule.
Effect of Triplet Blinking on the correlation functions Another effect which must
be included into the calculation of the correlation functions, is triplet blinking. In contrast
to ideal fluorescent systems, the fluorescent probes used in these experiments do have the
tendency to populate long-lasting triplet states, directly affecting the correlation functions. In
the process of this work, complex kinetic schemes were developed, which also included triplet
states for the donor and for the acceptor dye. For including these states, new rate constants
must be introduced, such as quenching rates for the triplet states and FRET rates to/from the
triplet states of the donor and the acceptor molecule. Besides the increasing computational
complexity, these rates are difficult to measure and there is the risk of overparametrisation.
Nevertheless, the laser powers used in these experiments lead to observable triplet blinking
in the microseconds regime. As this is at least one order of magnitude slower than the rates
found for PET and FRET dynamics, we have separation of timescales, and we hence can
write for the correlation function which includes PET and FRET dynamics as well as triplet
blinking:







The correlation functions calculated using photon statistics and the combining functions
shown above (GIJ , see equations 36 - 39) can hence be expanded by an additional exponential








time as shown in
equation 40. An additional global amplitude (cij) is needed to include effects such as varying
concentrations of fluorescent molecules and diffusion.
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Fitting the Experimental Data The nummerical calculations of the correlation functions
were done using Wolfram Mathematica14. To perform global fits to measured donor-donor,
donor-acceptor and acceptor-acceptor correlations, required to dissect the contributing factors
such as PET and FRET dynamics, time efficient Mathematica code was needed. The following
list highlights some aspects in programming the fitting algorithm:
• Numerical Calculations: As default, Mathematica tries to solve problems symbol-
ically. Strict enforcement of numerical variable handling reduced the needed time per
calculation.
• Caching: Only a part of the fitting process needs to invoke time consuming processes
such as the eigendecomposition of the rate matrix K. The local optimization of the
triplet decay time or the global amplitude as an example is a very fast process. Caching
the results of subcalculations and checking if the needed parameters have changed since
the last execution lead to a substantial increase in performance
• Compilation of time critical functions: Using the built in Compile[] function ei-
ther with the built-in compiler, or more difficult, using an external C-compiler lead to
significant speed improvements. Due to the time needed for the compilation, this only
is efficient for functions which are called very often.
• Parallel computing: Parallelization was implemented either on the level of a single
measurement where each of the correlations (DD,DA,AA) was calculated on a separate
Mathematica subkernel or on several measurements where up to 24 datasets were fitted
in parallel.
• No redundancy: The code was checked to avoid calculating the same value more than
once.
• Benchmarking: For every command in the code the performance was checked using
the AbsoluteTiming[] command and the best performing implementation was chosen.
These optimizations made the global fitting of the ns-FCS data practical. Numerous fitting
strategies with different sets of free parameters could be evaluated. An increasing robustness
of the fitting results was found by fixing as many parameters as possible. Single-molecule
together with ensemble fluorescence experiments allow the precise determination of a variety
of parameters needed in the photon statistics fits. Table 2 shows the provenance of the fixed
parameters and the corresponding range found for different constructs or measurements. As
shown in equation 11, dynamic donor quenching does change the quantum yield of the donor
and therefore the Förster radius. This rises the questions whether donor quenching leads to a
change in the energy transfer rate constant (kF ). The rate of energy transfer can be written














From this follows that kF and kFQ are identical since the change in kD and the change in
donor quantum yield cancel.
14Wolfram Mathematica 8, Wolfram Research, Champaign, IL, USA
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Fixed Parameters Value and Method of Determination
Excitation rate constant
(kexD, kexA = αkexD)
Antibunching of Trp-free donor-only
construct: 0.02 ns-1, 0.001 ns-1[74]




Energy transfer rate constant
(kF , kFQ)
Transfer efficiency of Trp-free construct




Relative histogram peak areas
(donor-only / transfer population) of
corresponding E histograms: 3.5-7%
Förster radii (R0, R0Q) Dye emission and absorption spectra and
extinction coefficients: 54.1Å, 52.1Å
Triplet state decay times (τij) Exponential fits of Trp-free control
constructs: 2.7 - 3.4 μs
Crosstalk (β) Calibration measurements: 8 %
Fitting Parameters: Time
origins (t0ij ), Overal amplitudes
(cij), Quenching rates




Table 2: Parameters for fitting the correlation functions and how they were determined. The
first column (Fixed Parameters) declares the values needed by or derived using the photon
statistics fit. The second column (Value and Method of Determination) shows the origin of
the fixed parameters. In cases where precise values were measured for each construct, the
corresponding range is given. In the last row, the fitting parameters are shown.
The correlation data of all available constructs were fitted using identical values for ini-
tializing the fit procedure. Therefore no bias was introduced by manually adjusting the fit
parameters. To weight the autocorrelations and the crosscorrelation equally, the chi-square
value of the crosscorrelation was multiplied by a factor of two.
Figure 16 shows the ns-FCS data together with the fits of the peptides with donor quench-
ing, figure 17 the ns-FCS for the acceptor quenching. Each row in these figures shows the
correlations for one construct in the order GDD(τ) (green), GDA(τ) (orange), and GAA (τ)
(red). The result of the global fit is shown in blue. As expected for the stiff polyproline system,
no dynamic component can be seen in this case. Therefore the only amplitudes in addition
to fluorescence antibunching and the triplet state are introduced by the static quenching of
the dye by Trp.
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Figure 16: Overview of the ns-FCS measurements together with the global photon statistics
fits of polyproline constructs with quenched donor. Each row shows the donor-donor (green),
donor-acceptor (orange) and the acceptor-acceptor (red) ns-FCS of a single experiment. The
blue line shows the fit result from the photon statistics fits, globally fitting all three correla-
tions. The label in the left column indicates the sequence separation between the donor dye
and the quenching Trp residue. The first row, labeled with “Ref”, presents the measurement
of an identically labeled control construct lacking a Trp. For a structural overview of the
constructs see figure 8.
Whereas donor quenching leads to very prominent quenching amplitude in all three cor-
relations, acceptor quenching mostly affects the acceptor-acceptor correlation. Additionally,
the change in R0 upon quenching of the acceptor leads to a small but observable effect in
the donor-donor and the donor-acceptor correlation as seen in figure 17, W3. In general,
with increasing distance between the fluorescent dye and the quenching Trp, a decrease in the
quenching amplitude can be found.
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Figure 17: Overview of the ns-FCS measurements together with the global photon statis-
tics fits of polyproline constructs with quenched acceptor. Each row shows the donor-donor
(green), donor-acceptor (orange) and the acceptor-acceptor (red) ns-FCS of a single exper-
iment. The blue line shows the fit result from the photon statistics fits, globally fitting all
three correlations. The label in the left column indicates the sequence separation between
the acceptor dye and the quenching Trp residue. The first row, labeled with “Ref”, presents
the measurement of an identically labeled control construct lacking a Trp. For a structural
overview of the constructs see figure 8.
To highlight the decrease in the amplitudes with increasing distance separation between
the dyes and the quencher, all the acceptor-acceptor correlations of the polyprolines with
quenched donor or quenched acceptor are shown in the same plot (See figure 18(a,b)). The
quenching rates extracted from the photon statistics fits are shown in figure 18(c). As already
shown for the ensemble lifetimes, the on-rate is largely independent of the sequence separation
between the fluorescent dye and the quencher. However, for the off-rates, a clear and very
similar trend is found for both dyes. With increasing distance separation between the dye
and the quencher, an increase in the off-rates was found. This indicates that increasing the
linker length between the two decreases the stability of dye-quencher complexes. A possible
explanation are steric effects introduced by the additional residues between the dye and the
quencher. The relative offset in the off-rates between the two different dyes with a lower
stability of the Alexa 488 - Trp complexes is similar to the values found for free dyes and Trp
(See table 1H).









Assuming a diffusion-limited quenching process for the Alexa 488 dye, this rate should
be identical to the contact rate between the dye and the Trp. For an unquenched lifetime
of 4.08 ns and the lifetime of the W3 construct of 3.26 ns, the quenching and therefore the
contact rate should be 0.062 ns-1. A comparison to the corresponding value from the photon
statistic fit, which is 0.0074 ns-1, reveals a 8.4 fold difference of the two rates. According to the
calibrations performed using free dye and Trp, this difference should be around 2.9 (See table
1I). Therefore, attaching Alexa 488 and the quenching Trp to a peptide chain seems to reduce
the probability of a successful static complex formation upon collisional contact by a factor
of around 3. Introducing a peptide chain seems to affect the collisional quenching encounters
differently than the ones leading to a successful static complex formation. Calculating the
probability of a successful static complex formation upon collisional contact for the bulkier
Alexa 594 dye results in an even higher value of around 4 indicating the possibility of a
significant steric contribution in this effect. However, it is important to mention that the
theoretical calculation revealed a not fully diffusion-limited dynamic quenching process for
Alexa 594 (See table 1) and the errors in these factors may be rather large and therefore
caution should be used when assigning the relevance to a change in this factor from 3 to 4.
Figure 18: Changes in amplitudes and quenching rates from photon statistics fits. a,b)
Acceptor-acceptor ns-FCS of donor (a) and of acceptor (b) quenching. To avoid a contribution
of the donor-only-population, for both constructs the acceptor-acceptor correlation is shown.
Color-coding: red (W3), orange (W5), green (W7), blue (W9), black (Reference construct
without Trp). For clarity, the plots are normalized and presented with an equidistant offset of
0.08. c) On- and off-rates resulting from the photon statistics fits of the quenched constructs
with increasing sequence separation between the dye and the quenching Trp. The green
triangles represent the values for donor and the red for acceptor quenching. Triangles pointing
down show the on-rate of the static quenching process and the ones pointing up, the off-rates.
The error bars resulting from independent measurements of the same constructs are within
the size of the symbols.
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The experiments on the polyproline constructs revealed the interplay between dynamic and
static quenching together with FRET at a fixed distance. It was shown how various distances
between the dye and the quencher do affect the dynamic and the static quenching components.
By measuring single-molecule transfer efficiency histograms, the change in the calculated
transfer efficiencies upon introduction of an additional quencher were shown. Strategies to
quantify these effects and to correct the experimental data were introduced. Comprehensive
ns-FCS measurements allowed the development of a quantitative photon statistics model to
finally fit the experimental data in a global fashion and therefore, for the first time, using all
the available experimental information. A comparison of the probabilities to form a static
complex upon a quenching encounter revealed a significant difference between free dye and
quencher in contrast to systems where the dye and the quencher are attached to a polypeptide.
This may indicate a significant steric contribution in these probabilities, which has to be
considered in deriving mechanistical conclusions from experiments using static quenching as
a reporter system. The successful implementation and description of quenching together with
a static FRET system paves the way for the next level of complexity, namely the combination
of a dynamic FRET system together with an additional quencher.
6.4 The N-Terminal Domain of the Intrinsically Disordered Domain of
HIV-1 Integrase as a Model System for Quenching and FRET Dy-
namics
6.4.1 Design, Expression and Labeling of the N-Terminal Domain of HIV-1 In-
tegrase
In order to have PET and FRET quenching in a single molecule, we used a modified variant
of a previously developed N-terminal domain of HIV-1 integrase (IN) which is unfolded in the
absence of Zn2+ ions [72]. HIV-1 integrase is a 290 amino acid protein which is responsible for
the insertion of viral sequences into the host DNA [37]. It consists of three structural domains,
a 50 amino acid N-terminal domain with a zinc binding motif, a 160 amino acid central domain
thought to be the catalytic center of the protein and an 80 amino acid long C-terminal domain
needed for dimerization or multimerization [37]. Cai et al. solved the solutions structure of the
dimeric N-terminal domain of HIV-1 Integrase (residues 1-55) using NMR [7]. They found two
interconverting conformations differing in the coordination of zinc by two histidines. These
two binding modes result in large conformational differences [7]. Nomura et al. conducted
NMR studies on a single point mutant (Y15A) of the N-terminal domain which showed correct
folding upon Zn2+ binding but only one conformational state was populated [81]. In order to
work with a homogenous system, the same mutation was introduced into our sequence (Y19A
in the sequence shown in table 19). A recent study showed that the N-terminal Zn2+ binding
domain plays a key role in sequence-specific cooperative DNA binding [8].
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Figure 19: Overview of the different IN variants. The two labeling positions, consisting of C11
and C60, together with the quenching Trp (W23) are indicated in bold. Additional known
quenchers of Alexa 488 are underlined [10]. The fluorescent dyes are indicated below the
labeling positions. On the left, the construct abbreviations, used in the further discussion,
are introduced.
Initially we designed the sequence of integrase to measure short-range quenching dynamics
within the cavity of the GroEL/ES chaperone system. A single cysteine residue was intro-
duced at position 11, hence allowing site-specific labeling with a fluorescent dye. The plasmid
containing the coding sequence was produced using custom gene synthesis15. Introduction of
Atto Oxa1116 as a fluorescent reporter revealed a strong quenching effect of the dye at the
C11 position by the intrinsic Trp residue on position W23, confirming the general suitability
of the system as a quenched probe [127]. The IN variants used in this study were expressed
and purified by Franiska Zosel. Using site-directed mutagenesis, an additional cysteine was
introduced at position 60. Additionally, a control construct was produced with the W23 ex-
changed to F23 and therefore removing the PET quencher. Table 19 shows the various IN
sequences together with the labeling positions and the abbreviations used troughout. The
integrase genes were cloned into a pET15b vector, expressed and the initial purification was
performed on a Ni-NTA agarose column17 using the cleavable N-terminal hexahistidine tag
(His-Tag). After thrombin18 cleavage of the His-Tag, a second Ni-NTA affinity chromatogra-
phy was performed to remove uncleaved IN. In the final step, the cleaved material was further
purified using high-resolution reverse phase chromatography19. Following lyophilization and
solvation, the molecular mass was confirmed by mass spectrometry. Labeling with both the
donor and the acceptor fluorescent dyes was performed using the introduced cysteines together
with reactive malemide groups on the fluorescent dyes. Homogeneous, site-specific labeling is
an obligatory requirement for the deconvolution of FRET and PET quenching. A significant
effort was invested to achieve site-specific labeling without having an orthogonal chemical la-
beling strategy. The combination of the different chemical reactivities of the C11 and the C60
for the two different dyes together with extensive purifications using reverse phase chromatog-
raphy allowed the separation of the two different labeling isomers, and therefore site specific
labeling with purities of around 95% was achieved. As a complication, the IN variant used
here carries a Zn2+-binding moiety consisting of two histidines and two cysteines, providing
additional possibilities for labeling at unwanted reactive positions. To avoid the labeling of
these cysteines, the labeling reactions were conducted in presence of 0.5 mM ZnCl2, which
induces folding due to complex formation between Zn2+ and the intrinsic cysteines and two
15Celtek Biosciences, Nashville, TN, USA
16ATTO-TEC, Siegen, Germany
17Ni-NTA Agarose, 30230, Qiagen, Düsseldorf, Germany
18Thrombin from bovine plasma, 36402, SERVA Electrophoresis, Heidelberg, Germany
19XTerra RP18 Column, 5 µm, 4.6 x 250 mm, 186000496, Milford, MA, USA
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histidines, therefore removing the chemical reactivity of these cysteines. The first labeling
reaction was performed using a substochiometric ratio between the Alexa 594 dye and IN fol-
lowed by reverse phase purification and separation of the C11 and the C60 labelled isomers.
Next, the purified isomers were labeled using the Alexa 488 fluorescent dye in equimolar con-
centrations. After the second reverse phase purification, the mass of the doubly labeled IN
was confirmed using mass spectrometry. To verify the identity of the labeling positions, a
tryptic digest was performed and the mass of the resulting fragments was analyzed using mass
spectrometry. A representative structure of the unfolded IN 488W_594 is shown in figure 20.
Figure 20: Structural overview of the unfolded IN 488W_594 variant (See table 19). The
backbone representation shows the quenching Trp and the quenched Alexa 488 fluorescent
dye on the left side. On the right the acceptor dye Alexa 594 is shown.
6.4.2 Experimental Results
In the following section, the experimental results for the investigated IN variants are presented.
GdmCl concentration dependent measurements were performed with the IN variants in order
to probe additional dynamic processes. Adding GdmCl to the intrinsically disordered IN af-
fects the expansion and the dynamics of the protein chain and therefore the FRET distance
and the PET quenching in multiple ways. Due to its high net charge at physiological pH, IN
is rather expanded as a result of charge repulsion at low ionic strength [72]. Adding GdmCl,
and therefore increasing the ionic strength, leads to a screening of the charged amino acids
and therefore to a compaction of the unfolded chain. However, at increasing concentrations,
GdmCl leads to a reexpansion of the chain [72]. In addition to the expansion, the observed
FRET dynamics are affected by the change in solvent viscosity upon increasing GdmCl con-
centrations. For the observed PET quenching, the change in the unfolded chain dimension
together with increasing solvent viscosity upon addition of GdmCl can lead to changes in
the observed on-rates. The denaturing effect of GdmCl also affects the stability of the static
dye-quencher complex and therefore leads to a change in the on- and off-rates for the static
quenching.
Fluorescence Lifetimes Fluorescence lifetimes were measured as described for the polypro-
lines (See section 6.3.2). To modulate the unfolded chain dimension of the IN variants and to
weaken the quenching interaction between the quenching Trp and the fluorescent dye, GdmCl
dependent measurements were performed. Figure 21(a) shows the results for the integrase
constructs with a quenched donor. The differences between the lifetimes of IN 488W (green
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triangles) and IN 488F (green circles) highlight the dynamic quenching effect introduced by
Trp. Increasing the GdmCl concentration reduces the difference between the two constructs,
indicating a reduction in the dynamic quenching effect. Most probably this is due to the
change in solvent viscosity. Direct acceptor excitation of IN 488W_594 (red triangles) in
contrast to IN 488F_594 (red circles) shows almost no difference in the fluorescence lifetime.
This indicates that there is no significant dynamic quenching effect between the W23 and
the acceptor dye on the C-terminal C60 position. Figure 21(b) shows the lifetime results for
the integrase with a quenched acceptor dye. In contrast to Figure 21(a), a difference in the
acceptor lifetimes (red) between IN 594W_488 (triangles) and IN 594F_488 (circles) variants
can now be seen. This is a clear indication of dynamic quenching of the acceptor dye on the
C11 position by the Trp on position 23. A rather unexpected result was the difference in the
donor lifetimes for the constructs with a quenched acceptor dye. From the large sequence
separation between the donor dye on C60 and the Trp on position W23, no quenching effect
was expected. The observed difference points to a much stronger dynamic quenching effect
for the Alexa 488 dye compared to Alexa 594. This is in good agreement with the results
obtained using free dye and quencher (See section 6.2). A photon statistics description of such
a quenching scenario will need at least eight states. Although such a description is feasible, in
the following sections, only the measurements and the fits for the constructs with a quenched
donor are shown. Due to the lack of observable acceptor quenching, they can be fitted with
the same six state model as the polyproline data.
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Figure 21: GdmCl concentration dependent ensemble lifetimes of the different IN variants.
The values result from single exponential fits to ensemble lifetime decays measured in a magic
angle configuration to avoid contributions from rotational effects. The changes in the life-
times result from dynamic quenching between the fluorescent dye and the quenching amino
acid together with an additional quenching contribution by GdmCl. The green markers show
the results for Alexa 488 quenching, measured using donor-only constructs to avoid a FRET
contribution. The red markers show the results from doubly labeled constructs, measured
using acceptor direct excitation. Constructs containing the quenching Trp are indicated with
a triangle, the control constructs lacking the Trp with a circle. a) IN 488W/F_594 constructs
where the C11 position with the attached donor dye is quenched by Trp. Almost no difference
between the acceptor lifetime of 488W_594 and 488F_594 can be seen, indicating no quench-
ing contribution by Trp at position C60. b) IN 594W/F_488 constructs where the acceptor
dye is at the quenched C11 position. Compared to the variant with a quenched donor, the
dynamic quenching of the acceptor is less pronounced. The errors are within the size of the
symbols.
Transfer Efficiency Histograms The transfer efficiency histograms of the different Inte-
grase variants were measured the same way as for the polyprolines (See section 6.3.2). Figure
22 shows the histograms for the quenched IN 488W_594 variant, figure 23 the histograms
for the Trp-free IN 488F_594 variant. As a result of the extensive purification using reverse
phase chromatography, the donor-only population at zero transfer efficiency is very small for
both constructs. To highlight the effect of quenching on the transfer efficiency histograms,
the same instrument correction factor was used for the calculation of all the histograms. This
factor was determined using free, hydrolyzed fluorescent dyes and therefore does not correct
for the changed quantum yields of the dyes upon attachment to the IN constructs. To quantify
the changes in the transfer efficiencies, the peaks in the histograms were fitted using a Gaus-
sian distribution for the donor-only peak at zero transfer efficiency and using a Lognormal
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distribution for the peak of the FRET species at intermediate transfer efficiencies.
Figure 22: GdmCl dependent transfer efficiency histograms for the IN 488W_594 variant with
a quenched donor. The labels indicate the corresponding GdmCl concentrations. The black
line describing the histogram indicates the fit of the two populations, in which the donor-only
peak, at zero transfer efficiency, was fitted with a Gaussian distribution and the observed
conformational ensemble with a Lognormal distribution. The number of detected fluorescent
events (bursts) is indicated on the y-axis.
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Figure 23: GdmCl dependent transfer efficiency histograms for the Trp free IN 488F_594 vari-
ant. The labels indicate the corresponding GdmCl concentration. The black line describing
the histogram indicates the fit of the two populations, in which the donor-only peak, at zero
transfer efficiency, was fitted with a Gaussian distribution and the observed conformational
ensemble with a Lognormal distribution. The number of detected fluorescent events (bursts)
is indicated on the y-axis.
The results from these fits are shown in figure 24. Similar to the results for the polyproline
constructs, donor (IN 488W_594) and acceptor (IN 594W_488) quenching lead to significant
changes in the observed transfer efficiencies. At zero molar GdmCl, the difference in the
transfer efficiency for the two Trp containing constructs is approximately 0.13. Substitution
of the Trp leads to a more converged situation with a difference in the transfer efficiencies
of 0.04. This residual difference presumably results from variations in the local environment
of the fluorescent dyes at the two different labeling positions leading to small changes in the
corresponding quantum yields. Contributing factors may be additional quenching amino acids
(See table 19) and local differences in electron densities and in hydrophobicity. A general
peculiarity, found for all the investigated variants, is the increase in the transfer efficiency
from 0 to 0.5 M GdmCl indicating a compaction of the unfolded protein chain. A similar
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behavior, found for other integrase variants, was attributed to chain compaction caused by
ionic screening of the charged amino acids due to the increasing ion strength introduced
by GdmCl [72]. For GdmCl concentrations above 0.5M, further increasing of the GdmCl
concentration leads to a decrease of the transfer efficiencies and therefore to an expansion of
the IN chain. Such an expansion is a common behavior of unfolded proteins upon increasing
the denaturant concentration [39, 76]. Additionally, an increase in the GdmCl concentration
results in a reduction of the quenching effects [20], leading to convergence of the observed
transfer efficiencies. The transfer efficiencies of the Trp free constructs as shown in figure 24
were used to calculate the inter-dye root mean square distances used as constraints in the
photon statistics fits (See section 6.4.3).
Figure 24: GdmCl concentration dependent transfer efficiencies for the different IN constructs.
The transfer efficiency values represent the maximum of the Lognormal distribution fitted to
the calculated transfer efficiency histograms. The green symbols represent the values for the
IN 488W/F_594 and the red symbols for the IN 594W/F_488 variants. The triangles show
the values for the variants with a quenching Trp and the circles for the variants where the
Trp was replaced by a Phe. The values for concentrations above 4M GdmCl are equal within
the error of the fits.
6.4.3 Extending the Photon Statistics Approach to Explore the Combined FRET
and PET Dynamics
The procedure for fitting the GdmCl dependent ns-FCS data for the different IN variants was
analogous to the procedure used for the polyprolines (See section 6.3.3). The main difference
is that for the IN the donor and acceptor fluorescent dyes are not separated by a static
distance. The fixed distance, in the case for the polyprolines, allowed the modelling of the
FRET process using two transfer rate constants, one for the case without quenching and one
for the case of transfer to a quenched acceptor dye. The diffusive dynamics of the unfolded
protein chain, as found for IN, requires a model which includes a distribution of distances
together with a diffusion constant to describe the interconversion rate between the different
distances. To include diffusive dynamics, the rate matrixK has to be extended by an operator
Lr describing the conformational dynamics as a diffusion process in a potential of mean force
[28]:
K = K0(r) + ILr (44)
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I is the identity matrix, and the diffusion operator Lr is defined using the equilibrium inter-dye
distance distribution peq(r) [74, 28]:







For unfolded proteins, similar to IN, a Gaussian chain distribution was successfully applied















where 〈r2〉 is the mean square dye-to-dye distance. To calculate the correlation function, the
operator Lr is discretized to a N ×N tridiagonal matrix [74]. Calculating the direct product
between the discretized N ×N matrix for Lr and K0(r) (of size M ×M ) results in a block
matrix MN ×MN [28]. This new rate matrix is used to calculate the correlation functions
in the same way as described for the polyprolines. The number of discretization steps N has
to be large enough to reach a consistent result, but on the other hand small enough to still
be computationally accessible. An optimization revealed an optimal value of N = 40. Note
that the annihilation process, which reduces the double excited state D*A* by a radiation-less
decay of the donor dye, was also implemented using a distance dependent decay rate kSSD(r).
Due to the difficulty in measuring absorption spectra of the excited acceptor dye, this Förster
radius was implemented as a fitting parameter.
The model extensions for including diffusive dynamics were also implemented in Wolfram
Mathematica. Whereas an average fit for the polyprolines takes around 15 min, a fit including
diffusive dynamics for an IN measurement can take up to 24h. Therefore implementing all the
discussed optimizations (See section 6.3.3) was a crucial requirement to be able to perform
such fits. As for the polyprolines, we fixed all previously known parameters. Table 3 lists the
fitting parameters together with the method of determination.
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Fixed Parameters Value and Method of Determination
Excitation rate constant
(kexD, kexA = αkexD)
Antibunching of Trp-free donor-only
construct: 0.02 ns-1, 0.001 ns-1[74]




Root mean square end-to-end
distances
Transfer efficiency of Trp-free construct
(IN 488F_594) 4.8-6.2 nm
Relative donor-only population
(rd)
Relative histogram peak areas
(donor-only / transfer population) of
corresponding E histograms: 9-13%
Förster radius (R0) Dye emission and absorption spectra and
extinction coefficients, corrected for
change in refractive index and donor
quantum yield: 49-54 Å
Triplet state decay times (τij) Exponential fits of Trp-free control
constructs and polynomial interpolation
(IN 488F_594): 1.5 - 4.8 μs
Crosstalk (β) Calibration measurements: 8 %
Fitting Parameters: Time
origins (t0ij ), Overal amplitudes
(cij), Quenching rates
(konQ, koffQ), Inter-dye
diffusion constant (D), Förster




Table 3: Parameters for fitting the correlation functions and how they were determined. The
first column (Fixed Parameters) declares the values needed by or derived using the photon
statistics fit. The second column (Value and Method of Determination) shows the origin of
the fixed parameters. In cases were a precise value was measured for each construct, the
corresponding range is given. In the last row, the fitting parameters are shown.
Using these constraints, the ns-FSC data for the different integrase variants was fitted glob-
ally. Figure 25 shows an overview of the fit results for the integrase variant with a quenching
Trp (IN 488W_594) and figure 26 for the control, lacking Trp (IN 488F_594). To avoid any
bias, the same guess values were used for all of the fits. The fits include two dynamic compo-
nents, first the quenching between Alexa 488 and the Trp and second the diffusive dynamics
between the two fluorescent dyes. To highlight the effect of these two contributions in the ns-
FCS fits, two different lines are drawn: The blue one shows the complete result of the photon
statistics fit whereas the black dashed line represents the calculated component from diffusive
inter-dye dynamics. Therefore, the difference between these two lines can be fully attributed
to the static quenching component. For the donor quenched IN 488W_594 variant, the 0M
measurement shows a significant quenching contribution in all three correlations. A hallmark
for the static donor quenching process is the positive amplitude in the crosscorrelation. Since
FRET dynamics between the donor and the acceptor dyes is always anticorrelated, such a
positive amplitude cannot result from a dynamic FRET process. Increasing the GdmCl con-
centration leads to a convergence of the two lines, indicating that the observed ns-FCS is fully
determined by the diffusive inter-dye dynamics and that static quenching does not contribute
anymore to the overall fit. Additionally, an increase in the GdmCl concentration leads to a
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slight but persistent decrease in the chi-square and therefore to an increase in the fit quality.
Possible explanations are additional quenching effects, not adequately modeled using a six
state model, or a breakdown of the Gaussian chain assumption at low ionic strength.
Figure 25: Representative overview of the ns-FCS measurements for the quenched IN
488W_594 variant together with the corresponding global photon statistics fits. Each row
shows the donor-donor (green), donor-acceptor (orange) and the acceptor-acceptor (red) cor-
relation resulting from the same experiment. The inset in the left column indicate the GdmCl
concentration used for the measurement. The blue lines show the complete photon statistics
fit including diffusive FRET dynamics and PET quenching of the donor fluorescent dye. The
black dashed line shows the ns-FCS curve resulting from the diffusive dynamics between the
donor and the acceptor dye (no PET quenching).
Figure 26 shows the fit results for the Trp free IN 488F_594 construct. A comparison of
134
the 0M GdmCl ns-FCS fits of the two different variants (IN 488W_594 vs. IN 488F_594),
reveals a much smaller quenching component for the Trp free construct. Although both sys-
tems were fitted with the same six state model and using the same guess values, the fitting
procedure is able to distinguish between a quenched and an unquenched scenario. For the IN
488F_594 variant, adding 1M GdmCl is sufficient to remove the residual difference between
the line indicating the FRET dynamics and the line for the overall ns-FCS fit. This may be an
additional hint to a breakdown of the Gaussian chain approximation at low GdmCl concen-
trations and therefore low ionic strength. A close look at the DA/AD crosscorrelations for the
IN 488F_594 reveals no observable positive amplitude, which is an additional indication of
a lack of static donor quenching. The acceptor-acceptor correlation reveals a slight deviation
between the experimental data and the overall ns-FCS fit. Possible explanations are a slight
contribution by static acceptor quenching or an oversimplification by using a six state model
for fitting the data.
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Figure 26: Representative overview of the ns-FCS measurements for the Trp free IN 488F_594
variant together with the corresponding global photon statistics fits. Each row shows the
donor-donor (green), donor-acceptor (orange) and the acceptor-acceptor (red) correlation re-
sulting from the same experiment. The inset in the left column indicate the GdmCl con-
centration used for the measurement. The blue lines show the complete photon statistics fit
including diffusive FRET dynamics and PET quenching of the donor fluorescent dye. The
black dashed line shows the ns-FCS curve resulting from the diffusive dynamics between the
donor and the acceptor dye (no PET quenching).
As an additional control and to determine the quenching rate constants between the Alexa
488 donor dye on the C11 position and the quenching Trp from an independent experiment,
a donor-only variant (IN 488W) was produced and ns-FCS measurements were performed.
Figure 27 shows the results for the ns-FCS experiments together with a photon statistics fit
using a three state model consisting of a ground state D, an excited state D* and a statically
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quenched state DQ. The overall quality of the fits is very good. However, the high resolution
of the ns-FCS with a remarkably small noise contribution reveals a discrepancy between the
fits and the experimental data, especially at low GdmCl concentrations. This may be an
indication of an additional quenching process, of fast fibrational modes of the unfolded chain
or of an oversimplification due to the description by a three state model. Usually, the donor-
only population, which mainly consists of fluorescent particles not related to the protein
construct, is quantified using the transfer efficiency histograms. In the case of the donor-only
ns-FCS experiments, such quantification is not possible. Therefore the donor-only population
was set to zero. Increasing the GdmCl concentration leads to a decrease of the observed
ns-FCS amplitude, indicating a decrease of the static quenching effect between the Alexa 488
dye and the quenching Trp. This finding is in good agreement with the observations for the
IN 488W_594 variant.
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Figure 27: Donor-only control: ns-FCS measurements of the quenched IN 488W variant
which carries an Alexa 488 on the C11 position but no acceptor dye on the C60 position.
The data was fitted using a reduced three state photon statistics fit. The blue lines show the
corresponding fit result. The GdmCl concentration is indicated in the inset.
As shown in table 3, various parameters can be derived from the photon statistics fits. The
intrachain diffusion coefficient D of an unfolded protein is of particular interest since it sets a
speed limit for protein folding. In the work here, it can also be used to benchmark the fitting
strategy since the fitted D should primarily depend on the FRET dynamics and therefore no
change should occur upon introduction of a quenching Trp. If the fitting strategy is indeed able
to separate the PET and FRET dynamics, there should be no significant change in the fitted D
between IN 488W_594 and IN 488F_594. Figure 28 shows the intrachain diffusion coefficients
for the two variants IN 488W_594 and IN 488F_594 fitted using different strategies. The
triangles show the results for the IN 488W_594 variant fitted with the 6 state model. The
triangles with the black frame show the fit results obtained by fitting the quenching rates
(konQ, koffQ) as free parameters. The triangles with the green frame show the results obtained
138
by constraining the quenching rates to the values obtained from the photon statistics fits of
the donor-only construct (IN 488W, see figure 27). Interestingly, the difference in D between
these two approaches is almost negligible which highlights the robustness of the fits using the
quenching rates and the inter-dye diffusion coefficient as free parameters. The circles show
the results for the IN 488F_594 variant either fitted using the six state model (closed circles)
or using a four state model without the two donor quenched states (dashed circles). Upon
reduction of the fitmodel to four states, the values for the IN 488F_594 variant appear to
converge towards the values for the IN 488W_594 variant.
A hallmark of all of the fits is the decrease in the diffusion coefficient between 0M and 0.5M
GdmCl. This effect is coupled to the compaction of IN upon increasing the ionic strength by
adding up to 0.5M GdmCl (See trend of transfer efficiencies in figure 24). The increased ionic
shielding due to GdmCl reduces the repulsion between the charged residues within the IN and
therefore allows a compaction of the unfolded protein chain [72]. The drop in the diffusion
coefficients indicates that this compaction is accompanied by a slowdown of the dynamics
within the unfolded protein chain. Increasing the GdmCl concentration above 0.5M leads to
an expansion of the chain together with an acceleration of the chain dynamics. Independent
of the variant and of the fitting strategy used, above 4M GdmCl the diffusion coefficients
converge. In terms of the obtained diffusion coefficients, a very similar range and an increase
with increasing GdmCl was found for a completely different system, namely for the small cold
shock protein CspTm [39].
Figure 28: GdmCl dependent inter-dye diffusion coefficients obtained by global ns-FCS fits.
IN 488W_594 (triangles) fitted with a six state model with the quenching rates (konQ, koffQ)
and the diffusion coefficient (D) as free parameters (black) or the quenching rates fixed to
values obtained from the donor-only control (green) (Fits shown in figure 25). The Trp free
variant, IN 488F_594 (circles), was fitted with either a six state model with free fitting
parameters (solid black) or a four state model without quenched states (broken) (Fits shown
in figure 26).
The rates for the formation (on-rate) and dissociation (off-rate) of the statically quenched
complex between the Alexa 488 donor dye and the Trp are interesting parameters obtained
from the photon statistics fits. A comparison of the quenching on-rates to the intrachain
diffusion coefficients D can lead to novel insights about the connection between short-range
contact dynamics in relation to the timescales of the global reconfiguration time of the protein
chain. Figure 29 shows the result for the on-rates (a) and the off-rates (b) of the different
constructs. The squares report on the rates obtained by fitting the donor-only constructs
(IN 488W) using a three state model (See figure 27). The triangles show the rates for the
IN 488W_594 and the circles for the Trp free IN 488F_594 variants, both fitted using a
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six state model. A common behavior for all three constructs is a decrease in the on-rate
with increasing GdmCl concentration. This may result from the expansion of the unfolded
chain or from a reduced probability of forming a statically quenched complex upon increase of
GdmCl concentration. Interestingly, compared to the derived intrachain diffusion coefficients,
there is no sign of any special behavior of the on-rates between 0M and 0.5M GdmCl. A
comparison of the on-rates for the different variants reveals the highest values for the donor-
only construct (IN 488W) fitted with a three state model. The introduction of the acceptor
dye Alexa 594 together with a global fit using a six state model leads to the values for IN
488W_594 represented as triangles. There is no obvious reason for the difference in the
rates for these two constructs since the static donor quenching should not be affected by the
introduction of an acceptor dye. Most probably, this difference emerges from the different
fitting strategies. Using identical fitting strategies and guess values, a comparison of the on-
rates between IN 488W_594 and IN 488F_594 can be used to derive more significant insights.
Here, the removal of the Trp leads to a four-fold drop of the observed on-rates for the quenching
process. The residual quenching rate, observed for the IN 488F_594 variant, results from a
combination of small quenching contributions by amino acids other than Trp together with an
overlap of the FRET signal by the PET quenching process due to the fit which still includes
static quenching. Increasing the GdmCl concentration leads to an increase in the observed
off-rates. This indicates a destabilization of the quenched complex either by directly affecting
the Alexa 488-Trp interaction or by expanding the protein chain and therefore introducing
the possibility of an increased strain on the complex. A similar reduction of the complex
stability between the fluorescent dye MR121 and a quenching Trp upon increase of the GdmCl
concentration was found by Dose et al. [20]. The observed differences in the off-rates between
the three constructs are slightly more difficult to explain. The off-rate for the Trp-free variant
IN 488F_594 shows almost no GdmCl dependence, indicating the fitting of a residual effect
in the ns-FCS not directly related to quenching of the Alexa 488 dye. The difference between
IN 488W_594 and the corresponding control IN 488W most probably arises again from the
different fitting strategies. These results indicate that an exact assignment of the correct
on and off-rates for the formation of the statically quenched complex is difficult to achieve
without further constraints from control experiments. The minor changes in the intrachain
diffusion coefficients D upon constraining the quenching rates to the ones obtained from the
donor-only control (IN 488W), as shown by the triangles with the green frame (See figure 28)
highlight this situation. An additional important aspect, leading to a better understanding of
the fitting behavior, is a comparison of the equilibrium constants for the quenched complexes.
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Figure 29: GdmCl dependent PET quenching rates of various IN variants. Squares: Donor-
only IN 488W variant fitted with a three state model (Fits shown in figure 27). Triangles:
IN 488W_594 variant globally fitted with a 6 state model (Fits shown in figure 25). Circles:
Trp free IN 488F_594 variant globally fitted with a 6 state model (Fits shown in figure 26).
a) On-rates for donor quenching. b) Off-rates for donor quenching.
The on- and off-rates obtained by the photon statistics fits allow the calculation of the equi-
librium constants for the statically quenched complex. Figure 30 shows the results obtained
from the rates shown in figure 29. This representation reveals that the assigned amount of
quenching for the IN 488W_594 and the corresponding control IN 488W are identical within
the experimental error (squares & triangles). For the Trp free IN 488F_594 variant, the
equilibrium concentration of quenched Alexa 488 is five times smaller. This indicates that the
equilibrium quenching constant is a more robust parameter than the rates of the quenching
process. Figure 30 also shows a remarkable drop in the equilibrium constant between 0M and
2M GdmCl. For concentrations larger than 2M GdmCl, the equilibrium population of the
quenched complex is below 10% for all of the variants. Such small equilibrium populations
lead to very small amplitudes in the ns-FCS curves and therefore a large uncertainty in the
photon statistics fits. Most probably this is the reason for the observed discontinuities in the
off-rates above 2M of GdmCl (See figure 29(b)). Therefore, in order to obtain reliable results
from the quenching rates derived by a photon statistics fit, the statically quenched population
should be larger than 10%.
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Figure 30: GdmCl dependent equilibrium quenching constants, calculated from the on- and
off-rates obtained from the photon statistics fits. Squares: Donor-only IN 488W variant fitted
with a three state model (Fits shown in figure 27). Triangles: IN 488W_594 variant globally
fitted with a 6 state model (Fits shown in figure 25). Circles: Trp free IN 488F_594 variant
globally fitted with a 6 state model (Fits shown in figure 26).
Finally, the photon-statistics fits allow novel insights into the very fast processes of the
ns-FCS curves. From the so called antibunching region, which spans the first few ns in the
ns-FCS, information about the radiative rates, the FRET rate and the behavior of the double-
excited state D*A* can be derived. To model the experimentally found behavior, especially the
amplitude of the antibunching peak in the crosscorrelation, a non-radiative decay process of
the double-excited state D*A* has to be included. To date there is no characterization of this
so called singlet-singlet annihilation process between the two excited dyes Alexa 488 and Alexa
594 available. Simulating ns-FCS curves revealed that the two extreme mechanisms, either
transfer from Alexa 488* to Alexa 594* or the other way round, result in almost no observable
differences for the experimental conditions used here. Therefore it was implemented in the
photon statistics fit similar to the FRET process with a non-radiative transfer from the donor
fluorescent dye Alexa 488* to the acceptor Alexa 594*. It was assumed that the annihilation
process has identical distance dependence as the FRET process. It was implemented using a
distance dependent annihilation rate constant based on an annihilation radius similar to the
Förster radius. The so-called annihilation radius was a fitting parameter in all of the fits.
Figure 31 shows the fit results for this annihilation radius. The triangles represent the values
for the IN 488W_594 and the circles for the IN 488F_594. The squares, for comparison, show
the fixed fitting values for the Förster radius of the FRET process calculated from the change
in the refractive index of the solvent. The first remarkable result is the small scatter in the
obtained values for the annihilation radii, indicating that the photon statistics fits are able
to extract this parameter with a small uncertainty. Introducing a quenching Trp should not
change the behaviour of the annihilation process. Comparing the values for the two different
IN variants indeed shows no significant difference between the one with (triangles) and the one
without Trp (circles). In comparison to the Förster radii of the FRET process, the biggest
difference is the reduction of around 1 nm for the annihilation radii. By considering this
process in a manner similar to the Förster process, the only parameters that can change are
the absorption spectrum of the acceptor dye and/or the corresponding extinction coefficient
(See equation 3). A reduction in the annihilation radius indicates a smaller overlap integral J.
Possibly this results from a redshift of the acceptor absorption in the excited state. The fitting
results in figure 31 show a small turnover effect between 0M and 0.8M GdmCl. The origin
of this effect is not clear as GdmCl should only change the refractive index and therefore a
linear dependence for the annihilation radius is expected. Possible explanations are a fitting
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artifact or an additional effect contributing to the fast antibunching timescales as observed in
the cross correlation ns-FCS measurements.
Figure 31: GdmCl dependent Förster and singlet-singlet annihilation radii. Squares: Förster
radii for the S1->S0 FRET transfer used as fixed parameters in the photon statistics fits.
Triangles and Circles: Annihilation radii for the S1-S1 singlet-singlet annihilation used as a
free parameter in the photon statistics fits. The triangles show the values for IN 488W_594
variant and the circles for the Trp free IN 488F_594 variant.
The experimental results together with the photon statistics fitting approach show for the
first time the possibility to separate and quantify FRET and PET quenching in the same
molecule at the same time. The N-terminal domain of HIV-1 integrase, an intrinsically dis-
ordered peptide, was successfully used to study the short-range quenching dynamics between
the Alexa 488 fluorescent dye and a single intrinsic Trp residue. As a reporter for long-range
protein chain dynamics, Alexa 594 was introduced as an acceptor fluorescent dye allowing to
study FRET dynamics. The quality of the fits and therefore the obtained rates of the various
involved processes together with the rigorous controls highlight the robustness of this general
approach.
6.4.4 Mechanistic Considerations
A comparison between the intrachain diffusion coefficients D and the on-rates of the static
quenching process can lead to novel insights about the connection between local and global
dynamics in an unfolded protein chain. The photon statistics fit reveals the rate of successful
formed static complexes between the Alexa 488 fluorescent dye and the quenching Trp. As
shown for the free dyes, this rate can be different from the diffusion-limited rate since the
formation of the complex can have an activation barrier. In contrast, dynamic quenching
is thought of as a diffusion-limited process were each encounter between Alexa 488 and the
quencher within a certain distance leads to a successful quenching event (See table 1). A
comparison of the fluorescence lifetimes for the quenched and the unquenched constructs to
the rates of static complex formation can yield the probability of static complex formation
upon close encounters of the dye and the quencher. Steric effects such as the ones found in a
protein chain can alter this probability with respect to the values found for just free dye and
quencher in solution. The ensemble lifetimes and ns-FCS measurements of the donor-only
constructs IN 488W and IN 488F at various GdmCl concentrations were used to calculate
these probabilities. Figure 32 shows the results with a polynomial fit which was then used
for correcting the on-rates obtained by the photon statistics fits. A remarkable effect is the
decrease in the probability of forming a statically quenched complex in comparison to free dye
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and Trp in solution. Where the free dye and Trp need approximately 3 encounters (See table
1) until a quenched complex is formed, they need at least 6-10 encounters when attached to
the integrase chain. Increasing the GdmCl concentration above 3M seems to further decrease
this probability. The values from the fit, indicated as a blue line in figure 32, were used to
correct the on-rates for the IN 488W_594 variant, obtained by the photon statistics fits. The
results of this correction are shown as green squares in figure 33.
Figure 32: GdmCl concentration dependent number of collisional quenching events needed
until a statically quenched complex is formed. The values result from measurements of the
quenched donor-only variant (IN 488W). A comparison of the dynamic quenching rates ob-
tained from ensemble lifetime measurements (τD, τDQ) to the on-rates (konD) from the photon
statistics fits allows the calculation of these values. The blue line shows a polynomial fit to
the data.
A direct comparison of these on-rates to the intrachain diffusion coefficients D is not
intuitive. Therefore the mean first-passage time theory of Szabo, Schulten and Schulten was
used to convert the obtained diffusion coefficients, together with the knowledge of the mean
squared distance between the dyes from the transfer efficiency histograms, to an association
rate of the chain ends [108]. Assuming Gaussian chain behavior, the following equation can





where D is the intrachain diffusion coefficient and α is the interaction distance at which
quenching occurs. For calculating the association rate constants, the mean squared distances
derived from the histograms of the Trp free variant IN 488F_594 were used to avoid any sig-
nificant quenching contribution in this value. Due to the linear scaling of the mean squared
end-to-end distance of a Gaussian chain with the number of amino acid residues, the mean
squared inter-dye distance was rescaled to the distance between the Alexa 488 dye and the
quenching Trp by a factor of 1249 where the numbers indicate the according sequence separa-
tions. The exact value for α is not known. Therefore, as discussed in section 6.2, a value of
0.5 nm was used here. The resulting association rates are shown in figure 33.
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Figure 33: Comparison between the diffusion-limited on-rates from the photon statistics fits
and from the fluorescence lifetime experiments to the association rates calculated using the
Szabo, Schulten and Schulten mean first-passage time theory. Green squares: Static quench-
ing on-rates from the photon statistics fits of the IN 488W_594 variant multiplied by the
corresponding correction factor (See figure 32) to get the diffusion-limited quenching con-
stants. Orange squares: Association rates calculated from the mean squared dye-to-dye dis-
tance together with the inter-dye diffusion coefficient from the photon statistics fits of the IN
488W_594 variant assuming a Gaussian chain behavior. Green circles: Dynamic quenching
rates obtained from the fluorescent lifetime data of the donor-only constructs IN 488W and
IN 488F
A remarkable finding is the good agreement of the on-rates at low GdmCl concentrations.
This shows that the two orthogonal methods, namely quenching (green symbols) and FRET
dynamics (orange symbols) can lead to very similar results in terms of the observed chain
dynamics. This is also an indication that the fit does perform remarkably well in separating
the quenching on-rates and the FRET dynamics in the combined ns-FCS. An increase in the
GdmCl concentration leads to a divergence of the rates. Whereas the local PET quenching
rate decreases, the association rate, calculated from the global intrachain diffusion coefficient,
increases. This indicates that the increase in overall chain dynamics is not coupled to an
increase in local contact formation rates between the involved residues. To show the reliabil-
ity of these static quenching results, the dynamic quenching rates, obtained from ensemble
fluorescence lifetime experiments are shown as green circles. The overall trend is very sim-
ilar to the one found for the static quenching. However, there is a systematic offset in the
found quenching rates for the two different methods. There are two possible explanations
for the difference between the FRET dynamics and the PET quenching behavior: Either
GdmCl interacts with the Trp residues and/or the Alexa 488 fluorescent dye in a way that
dynamic and static quenching is reduced, or the concept that an increase in global protein
chain dynamics is coupled to an increase in local dynamics is wrong. Interaction of GdmCl
and unfolded proteins has been postulated to occur via binding of GdmCl to the amino acids
[67, 83]. If such a binding introduces a local stiffness in the chain, short-range and long-range
vibrational modes may be affected differently. Local stiffness reduces the probability of com-
plex formation between the fluorescent dye and the Trp, and therefore the quenching rate
will decrease. However, on a global scale, the introduction of chain stiffness may reduce the
number of accessible conformations and therefore decrease the reconfiguration time, leading
to an increase in the observed intrachain diffusion coefficient. Such behavior could explain the
observed effects. Recent experiments, performed on a slightly different IN variant, showed a
decrease in internal friction with increasing concentrations of denaturant [101]. This finding
is contradictory to the above postulate of increasing stiffness due to binding of GdmCl to the
unfolded peptide chain. For both reporter systems, a decrease in the rates is found above 3M
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GdmCl. This is most probably the effect of increasing solvent viscosity at increased GdmCl
concentrations. This short example shows how the combined approach using FRET and PET
quenching, on the same molecule at the same time, can lead to novel insights about protein
dynamics and interactions. These proof of principle experiments should pave the way for more
advanced experiments addressing the most controversial topics in today’s protein folding and
dynamics research. Highlighting the contributing effects and showing reliable strategies to
quantitatively describe them should sharpen the general attention to the obstacles introduced
by performing such single-molecule experiments.
6.4.5 Robustness of Photon Statistics Fits
Developing complex fitting strategies, such as the photon statistics fits presented in this
work, always needs careful testing of the overall robustness. To check if the fits are able to
locate global minima, synthetic test data with known values should always be fitted. We
generated various datasets with a random variation of parameters spanning the complete
range as found in the experimental data. After adding noise levels similar to the experimental
ones, the identical fitting strategy as for the integrase data was applied. For the constrained
parameters, the input values for generating the synthetic data were used. First the triplet
components were fitted using an exponential decay. The triplet decay times were fixed and
the ns-FCS data was fitted globally using the photon statistics fitting approach. Figure 34
shows a representative unbiased selection of such generated data together with the photon
statistics fits in black.
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Figure 34: Representative overview of simulated ns-FCS data together with the corresponding
global photon statistics fits in black. Each row shows the donor-donor (green), donor-acceptor
(orange) and the acceptor-acceptor (red) correlation resulting from the same parameter set.
Since the mean squared dye-to-dye distance is derived from fitting the single-molecule
histograms, the biggest error is introduced into the photon statistics fits by this fixed param-
eter. To acquire a more realistic picture of the fitting performance, this value was constrained
within a range of +/- 5% of the value used for the simulation of the ns-FCS data. Figure 35
shows the identity plots between the values used to generate the synthetic data and the results
obtained by the photon statistics fits for the most important photon statistics parameters.
The error bars result from the introduced error in the fixed mean squared dye-to-dye distance.
For most of the cases, the fit results are very close to the input values, indicating a robust
fitting procedure.
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Figure 35: Identity plots for the fitting of the simulated ns-FCS data. Here the most important
parameters obtained by the photon statistics fits are shown. On the x-axis the input values
for the simulation of the ns-FCS data are indicated. The y-axis shows the results from the
photon statistics fits. The identity line is drawn in black. The error bars result from a +/-
5% variation in the mean squared dye-to-dye distance introduced as a fixed fitting parameter.
a) Inter-dye diffusion coefficients D. b) Singlet-singlet annihilation radii. c) On-rate for the
static quenching process of the donor dye. d) Off-rate for the static quenching process of the
donor dye.
Figure 36 shows the fit result for the triplet parameters. Here the deviation between
the input parameters and the fit results from the exponential fits of the triplet states are
much more pronounced. However, due to the separation in the timescales between the triplet
decay times and the other photon statistics effects such as the PET quenching or the FRET
dynamics, this uncertainty in the triplet states does not have a significant impact on D and
on the quenching rates (See figure 35).
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Figure 36: Identity plots for the fitting of the simulated ns-FCS data. Here the triplet
parameters, fitted using exponential decays, are shown. On the x-axis the input values for the
simulation of the ns-FCS data are indicated. The y-axis shows the results from the photon
statistics fits. The identity line is drawn in black. The error bars result from a +/- 5%
variation in the mean squared dye-to-dye distance introduced as a fixed fitting parameter. a)
Donor-donor triplet amplitude. b) Donor-Acceptor triplet amplitude. c) Acceptor-acceptor
triplet amplitude. d) Donor-donor triplet decay time. e) Donor-acceptor triplet decay time.
f) Acceptor-acceptor triplet decay time.
The fits of the synthetic data show that the fitting strategy is indeed able to find the global
minimum. However, care should be taken in fitting experimental data, and the robustness
of the fits should be validated. A variation of the guess values, for example, can already
indicate if the fits converge to the same minimum or not. In the case for the integrase data,
the imprecision in the fitted triplet parameters does not pose a significant problem due to
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the clear separation of the involved timescales. Using such a methodology for alternative
experimental systems requires a careful check if this requirement is still satisfied. If not,
alternative fitting strategies have to be applied which are able to fit the triplet states with a
more reliable outcome.
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7 Conclusions and Outlook
Understanding the conformations and the dynamics of unfolded proteins is a prerequisite for
a mechanistic understanding of protein folding. Novel insights into these processes will have
a fundamental impact in a variety of related research fields such as molecular dynamics force
field development. Single-molecule methods, as the ones used in this work, are of particular
interest since they allow studying the conformations and the dynamics of different species in
an equilibrium system. This work consists of three main parts, covering different aspects of
protein folding and dynamics together with the development of novel experimental tools to for
single-molecule spectroscopy. In the first part, experimental tools for single-molecule FRET
experiments were developed and general limitations such as confinement of the fluorophores
and the quenching of fluorescent dyes by natural amino acids were investigated. In the second
part, the temperature-induced collapse of unfolded proteins and protein chaperone interactions
were investigated. In the last part the obtained knowledge was used to develop a new approach
to measure short- and long-range dynamics within a single molecule at the very same time.
In the last years, more and more evidence emerged that protein folding cannot be described
as an isolated behavior of a single-molecule in solution but embedding such a molecular system
into a cellular environment can lead to a different picture. It was found that factors such as
molecular crowding, cotranslational folding and molecular chaperones can have an impact on
protein folding and dynamics [26]. In this work, we systematically investigated interactions
between unfolded rhodanese and the GroEL chaperone. It was shown that rhodanese is bound
to GroEL as a partially structured folding intermediate with a rather well defined ensemble
of conformations. Next the folding kinetics of rhodanese, encapsulated within GroEL/ES was
studied. Depending on the used rhodanese variants, different effects on the folding kinetics
were found. This indicates that there is no universal mechanism of GroEL/ES action and the
specific mechanism may be different from protein to protein. These results leave the “Anfinsen
folding cage” as the only model partially describing the function of the GroEL/ES chaperone
system [42]. In addition to this important finding, these experiments showed for the first
time the possibility to obtain information about protein conformations using single-molecule
FRET in the presence of restricted chromophore flexibility. The GroEL experiments also
revealed fundamental limitations in performing single-molecule FRET experiments. Therefore
surface immobilization methods and photoprotection strategies were developed to solve these
limitations. The improvements in fluorophore stability also allowed the measurement of the
temperature-induced collapse of unfolded proteins. Here, a compaction due to an increase of
intramolecular hydrogen bonds at increasing temperatures was found. The short distances
together with the reduced mobility of the fluorescent dyes within the GroEL/ES chaperone
limited the applicability of FRET as a reporter system for protein chain dynamics. Therefore
a novel strategy to combine short-range (PET) and long-range (FRET) reporters on the same
molecule was developed. Fluorescently labeled polyprolines carrying an additional Trp as a
PET quencher were produced to study the effect of PET quenching on a static FRET system.
A photon statistics fit approach was developed to globally fit the resulting ns-FCS data. To
combine FRET and PET dynamics within a single molecule, new variants of the N-terminal
domain of HIV-1 integrase, an intrinsically disordered protein, were developed. Site specific
labeling allowed either donor or acceptor quenching by an intrinsic Trp residue. Extending
the photon statistics fitting approach to include FRET dynamics allowed the separation of
FRET and PET quenching dynamics by fitting the ns-FCS results globally. A comparison
of the obtained rates revealed a different behavior for short-range and long-range dynamics
upon increase of the GdmCl concentration. Whereas the global inter-dye diffusion constant
increases with increasing GdmCl concentration, the local PET on-rate decreases, indicating
a slowdown of the quenching dynamics. This points to a binding of GdmCl to the unfolded
protein chain and therefore to an increase in the persistence length. It was also shown how
the rigorous quantification of all the involved effects can be used to correct single-molecule
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FRET data and therefore to obtain more reliable results from these experiments.
All the FRET experiments, performed for this work, to directly measure unfolded protein
chain dynamics within the GroEL/ES chaperone system resulted in no observable effect be-
sides the rotational components resulting from the large GroEL(/ES)-substrate complexes. A
combination of a short- and long-range reporter systems, as the one introduced here, has the
potential to lead to new insights about how the GroEL/ES chaperone does affect the chain
dynamics of an encapsulated substrate protein. Future directions in the development of the
photon statistics fitting approach will be the inclusion of triplet processes into the kinetic
description and a global fit of all the available timescales (ns-ms) and therefore including slow
dynamics and intermolecular diffusion processes. A more refined description of the singlet-
singlet annihilation processes will lead to improved fits for the fast antibunching timescales
in the ns-FCS curves. To use the correlated FRET and PET information, new data analysis
methods have to be developed. Possible candidates are likelihood methods and multidimen-
sional FCS analysis. To describe the experimental situation for more complicated systems,
rotational effects and dye-dye quenching can be included. Separating the quencher and the
fluorescent dyes on different but interacting molecular systems will lead to novel insights about
the coupling of dynamics and intermolecular interactions.
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8 Appendix
8.1 Surface Immobilization Experiments
To be able to perform robust and reproducible surface experiments, we developed a flow-cell
platform as shown in figure 37 and a software to automatically identify and measure single
molecules on the surface shown in figure 39. Due to a lack of documentation by the man-
ufacturer, we used reverse engineering methods to control the piezo stage and the confocal
microscope. The communication between the controlling software20 and the piezo stage was
recorded using a serial port monitor21. Since the communication to the confocal instrument
which controls the shutters and the photodiode is implemented using a CAN bus and there-
fore a dedicated hardware interface we had to use a special monitoring tool by the supplier of
the CAN hardware22. Complete control of the hardware allowed us to remotely control the
laser shutter and therefore to reduce the exposure time and photobleaching. Since sample
application and liquid handling of the flow cell is performed by standard tubing and connec-
tions, buffer exchange and even kinetic experiments using a syringe pump can be performed
routinely. To immobilize the protein of interest, various methods can be applied, for example,
immobilization on biotinylated polyethylene glycol (PEG) surfaces or on biotinylated lipid
bilayers. The protein of interest can either be biotinylated and directly linked to the surface
via streptavidin or enclosed in biotin-containing lipid vesicles, which are subsequently bound
to the surface via streptavidin. For the functionalized surfaces either ionic immobilization of
PLL-PEG-Biotin or cover glasses with covalently attached PEG-biotin can be used.
An additional advantage of the flow-cell hardware shown in figure 37 is that it can be
used either on a confocal microscope or on a prism-based total internal reflection fluorescence
microscope (TIRFM). Since excitation power, time resolution, and bleaching times are com-
plementary for the two methods, this extends the usability of these surface immobilization
experiments.
Cleaning of all the involved components is absolutely crucial for these experiments. De-
tailed below are some important considerations for the cleaning process.
Before the measurement:
• In general: Avoid touching of any of the components and wear nitrile gloves, cleaned
with liquid soap prior to component handling.
• Before fitting into the holder, gaskets should be manually cleaned with clean-room
swabs using a 3% Deconex solution, special care should be taken to clean the holes.
After manually cleaning, sonicate gaskets 10 min in 3% Deconex and 10 min in 30%
H2O2 at 60 °C. After multiple washing cycles with H2O they are ready for mounting on
the holder.
• Clean the teflon tweezers (shown in figure 37(A)) in hot 3% Deconex before manipulating
the gaskets.
• Quartz glass, used to build the flow-cell chamber, should be cleaned according to the
following protocol: sonicate for 10 min in 3% Deconex at 60 °C, sonicate for 10 min in
20% H2O2 solution (30%) + 20% HCl (32%) at 60 °C, sonicate for 10 min in 20% H2O2
solution (30%) + 20% ammonia solution (25%) at 60 °C, sonicate for 10 min in H2O.
Indicated in parenthesis are the stock concentrations of the respective solutions.
20Symphotime, PicoQuant GmbH, Berlin, Germany, (http://www.picoquant.com/)
21Free Serial Port Monitor, HHD Software, London, United Kingdom, (http://www.serial-port-
monitor.com/)
22PCAN-View, PEAK-System Technik GmbH, Darmstadt, Germany, (http://www.peak-system.com/)
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• If covalently functionalized cover glasses are used, appropriate cleaning protocols such
as sonication in Tween 20 solutions should be applied.
• Use nitrogen gas from the tap to dry all components and to remove residual dust par-
ticles.
After the measurement
• For reuse, dissolve the quartz flow cell in acetone (at least over night).
• Mechanically clean the dissolved quartz slides using swabs with acetone, 3% Deconex,
isopropanol and H2O.
• Clean the gaskets mechanically using swabs with 3% Deconex.
• Purge all the tubings, syringes and connections with 3% Deconex and incubate every-
thing in a bowl at 60 °C for 30 min (Avoid contact of Deconex with syringe pistons and
the brass flow cell holder since base metals will be corroded by Deconex!). Next, purge
everything again with hot 3% Deconex and then rigorously with H2O. After drying with
nitrogen gas, place everything on cleanroom towels and leave it to dry.
• Depending on the applied protein samples, there is the risk of residual aggregated prod-
ucts in the tubings or syringes. An additional cleaning step with 1M sodium hydroxide
can be applied.
• Clean the brass flow-cell holder briefly with 3% Deconex and isopropanol. For the
fittings, soak a swab and screw it trough the holes. Afterwards immediately rinse the
holder with H2O and dry it with nitrogen gas.
A general overview of the steps involved in assembling the flow cell and mounting it onto the
confocal microscope is shown in figure 37. A more detailed view of the flow cell including the
quartz sample cell can be found in figure 38.
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Figure 37: Assembling a flow cell for surface experiments. A) Fitting of the two gaskets into
the metal holder. B) Insertion of the quartz-quartz flow-cell sandwich. C) Locking the flow-
cell with the counter piece of the flow cell holder. D) Connecting the tubing to the flow-cell.
E) Mounting the holder with the flow-cell on the confocal microscope. Due to the height
of the flow-cell, an extension tube for the objective may be needed F) View of the mounted
flow-cell with the secured capillaries to reduce vibrations, and the waste collection container
in the back. G) Overview including the application syringe on the right.
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Figure 38: Schematic drawings of the flow-cell holder A) 3D representation of the flow-cell
holder with an optional TIRFM prism in blue, a single gasket in green and a fitting in black.
B) Sectional drawing of the flow-cell with prism and TIRFM excitation. The sample cell
sandwich consisting of a thin and a thick cover glass (blue) connected by a layer of glue (gray).
In the lower part, a schematic view of the TIRFM fluorescence collection part consisting of a
high nummerical aperture objective, an emission filter and an EMCCD camera can be seen.
Depending on the microscope setup, the cell can be used in TIRFM (with prism) or in confocal
(without prism) mode. (Adapted from Haenni [32])
Surface immobilization of FRET labeled proteins on biotinylated PEG surfaces is a pow-
erful and convenient method. Since the GdmCl stability and background properties are sig-
nificantly better compared to immobilization on lipid bilayers, for most of the experiments
this will be the method of choice. Described below is a short protocol of how such a surface
experiment can be performed. If commercial, covalently bound biotin-PEG cover slides23 are
used, step two can be ignored.
1. Apply a 1:10 dilution (To reduce ionic strength but to still have some residual buffer
capacity) of the buffer of choice into the flow cell and measure the background using
Symphotime area scan. Usually 80x80 μm with a resolution of 250 nm is a good choice.
The background should be measured at identical laser powers as the final measurement.
Always close the laser shutter between measurements to avoid photobleaching.
2. Dissolve 0.1 mg/ml PLL(20)-g[3.5]-PEG(2)/PEG(3.4)-Biotin(50%)24 in 150 μl of the
diluted buffer, vortex, sonicate for 10 min and apply to the flow-cell. After 5-10 min
incubation time, purge the flow-cell with 1 ml of undiluted buffer and make another
background scan as described above.
3. Apply 1 mg/ml Avidin D25 in buffer to the flow-cell. After 5-10 min incubation time,
purge the flow-cell with 1 ml of undiluted buffer and make another background scan as
described above. Load the area scan into Erntikon (See figure 39), adjust the contrast
and use the “Automatic ROI Search” (See figure 39) with parameters as the ones planned
to use for the single-molecule experiment. Reasonable values for the lower intensity
threshold are between 10-20. Since all the located spots belong to the background,
there should not be more than 30-60 ROI‘s be identified at this point.
4. If the fluorescence background is low enough, the flow-cell is now ready for sample appli-
cation. Multiple sample applications are possible but there is no satisfactory strategy to
23Bio_01, MicroSurfaces Inc., Austin, TX, USA, (http://proteinslides.com/)
24Gift from Prof. Dr. Hans Marcus Textor, Swiss Federal Institute of Technology, Zurich, Switzerland,
(Alternative Source: http://www.susos.com/)
25A-2000, Vector Laboratories inc., Burlingame, CA, USA
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remove immobilized molecules; cautious applications of low concentrations is advised.
Usually concentrations of 10-50 pM of biotinylated sample protein are a good start-
ing point. After every application it is advisable to select a new scan area to assess
surface density. Since binding is usually quantitative, no purging between sample appli-
cations is needed. To avoid diffusive background events, purging with buffer after the
last sample application is required. Depending on the photo-protection and fluorescence
enhancement strategy, additives such as oxygen scavenging systems can now be applied.
5. Usually the stability should be high enough to allow measurements for hours to days.
Buffer exchanges, such as to perform a GdmCl titration should be feasible without
problems.
6. If high salt buffers, such as GdmCl solutions, were used the flow-cell should be disassem-
bled and cleaned immediately after the measurements, since such solutions can catalyze
the corrosion of the brass holder.
In rare cases, depending on the buffer conditions, swelling of the glue layer connecting the
two quartz coverglasses may occur. To reduce this effect, the coverglasses can be activated in
the plasma etcher immediately before gluing the two pieces together. Five minutes of etching
with maximum power is recommended. This procedure leads to a very strong bonding of the
flow cell which completely prevents dissociation and reuse of the coverglasses.
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Figure 39: Screenshot of the software ERNTIKON developed by Daniel Nettels for the auto-
mated measurement of surface immobilized single molecules using a MT200 confocal micro-
scope. ERNTIKON allows the loading and displaying (O) of “prescans” (measured before by
using the area scan function of Symphotime). Immobilized particle positions (ROIs, regions of
interest indicated by blue marks in (O)) can be identified manually or by using an automated
search algorithm. Subsequently the identified particles can be measured one by one in an
automated way. For this the piezo table is brought into position and a TTTR measurement
is started. In the following some of the features and controls of ERNTIKON are described.
A) Zoom level of the prescan and buttons for choosing the operation mode of the software:
“ROI” enables the manual selection of region of interests (ROIs), “cut” for showing in panel
(N) intensity profiles (“cuts”) along horizontal lines chosen by clicking into the prescan , and
“xy” for positioning the piezo table by clicking into the prescan. B) Opening of prescan TTTR
files and choice of the prescan mode. C) Scan settings as obtained from the prescan TTTR
file header. This information is needed for an exact positioning of the piezo table. In some
rare cases fine adjustment of the values is needed. D) Contrast adjustment E) Depending
on the prescan mode, one can set corresponding background and gamma values. This has an
effect on (O) and the automatic ROI identification. F) Here the list of ROIs is shown and can
be edited, saved or loaded. The ROI list defines the order of particle measurements. With
“Meander Sort” this order can be optimized for avoiding large piezo table travels between
measurements. G) ROI selection window. Based on threshold criteria ROIs are identified
automatically. H) Transfer efficiency criterion applied to the ROI list. This can for example
be used to avoid sampling of donor-only ROIs. Depending on the prescan mode (B) cut ranges
either in transfer efficiency E or stochiometric ratio S are applied. I) Field to specify saving
path, file name and acquisition time per “ROI”. J) Local signal optimization. Software tries
to maximize the counts by slightly varying the position near the ROI. K) “Start” button
which initiates the sampling of the specified ROI’s and status window that reports on the
measuring progress. L) “Live MCS” starts a live-view of the detector signal displayed in (N).
This can be used in combination with the “xy” mode to steer the confocal area manually to
every position selected in (O) and to get a direct feedback on the signal collected there. The
collected signal is not recorded to hard-disk. M) If the measurements are done in PIE mode,
lifetime channel constraints can be entered here. N) Time trace of the fluorescence counts.
The width of a time bin can be adjusted in the top right corner in units of milliseconds.
Double-clicking the display opens a menu with various options for signal representation. O)
Prescan display with some selected ROIs (blue boxes).
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8.2 DNA as a Spectroscopic Ruler for Surface Experiments
The polyprolines generally used as a reference system for single-molecule experiments in so-
lution are difficult to immobilize on surfaces. To have an additional system to test fluorescent
dyes, substances for photo-enhancement and photo-protection and the effect of immobiliza-
tion on the transfer efficiency histograms, a DNA system for use as a molecular ruler was
developed. The design of the different variants can be found in figure 40. As can be seen in
figure 40, there is a mother-strand with a biotin and non-paired, flexible linker. This strand
can be annealed to different daughter-strands with different amino-dT positions and therefore
different inter-dye separations, ranging from 10 to 30 base pairs. The sequence was chosen
in such a way as to have a high stability, and therefore melting temperature, of the annealed
double strand and a low self similarity which avoids secondary structure formation and shifted
annealing. Before and after the labeling position an overhang was introduced to avoid un-
winding of the helix close to the dye and to reduce possible stacking of the dyes to the ends of
the helix. The 10 base pair distance separation between the different variants which approx-
imately corresponds to a single turn was chosen in order to have the dyes on the same side
of the helix. The 14 base pair variant was produced after the initial design and production
process to have an additional variant with an intermediate transfer efficiency. That is also
the reason why there is a base pair mismatch after annealing to the mother-strand. Due to
the incorporation of the artificial nucleotide C6-dT it was possible to label the strands using
N-hydroxy-succinimidyl ester functionalized dyes. The oligonucleotides were synthesized by
solid-phase syhthesis26 and delivered as desalted product. Ordering higher purity products
turned out to be disadvantageous since the yields are much better by doing the purification
for oneself. For the purification of the DNA, the following protocol was used:
1. Prepare the following buffers: A) 5M Urea, 12.5 mM Tris-HCl, pH 7.4 B) 5M Urea,
12.5 mM Tris-HCl, 0.5M Sodium Perchlorate, pH 7.4 (Filter the buffers carefully!).
2. Heat the DNAPac27 ion exchange column at a flow rate of 0.1 ml/min to 85 °C.
3. Purify the unlabeled or labeled DNA with a gradient from 10-60% B in 30 min at 1
ml/min. Start the gradient with a time offset relative to the injection time for pre-
gradient equilibration. Adjust the gradient after an analytical run according to your
needs (Do not exceed 20 OD @ 260 nm per run).
4. Wash the column after each run with 100% B for 5 minutes.
5. The fractions of interest can be desalted using Sep-Pak cartridges28 using the following
steps:
6. Produce a 1M Triethylammonium Acetate (TEAAc) buffer at pH 7.5 (3g Acetic Acid
and 5g Triethylamine in 50 ml H2O).
7. Wash a new Sep-Pak column with 10 ml Acetonitrile followed by 10 ml of 0.1M TEAAc
buffer.
8. Add 10% v/v of 1M TEAAc to the fraction of interest to get a final concentration of
0.1M TEAAc in the sample.
9. Apply the sample onto the prepared Sep-Pak cartridge.
10. Wash the cartidge with 10 ml 0.1M TEAAc followed by 10 ml H2O. Dry the column
using a syringe.
26Microsynth AG, Balgach, Switzerland
27DNAPac PA-100 (043010, 4x250 mm), Dionex (Switzerland) AG, Olten, Switzerland
28Sep-Pak Classic C18 cartridge, Waters Corporation, Milford, MA, USA
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11. Elute the DNA with 3 ml 50% Acetonitrile in H2O.
12. Lyophilize the sample.
13. After purification, remove the DNAPac column from the column heater, wash it for at
least 10 min with 20% EtOH at 0.5 ml/min.
Several variants using different FRET dye pairs were produced and measured in solution and
immobilized on surfaces. To verify the resolution in terms of transfer efficiencies in surface
experiments, mixtures of variants with different inter-dye distances were applied on the same
surface. It is important to mention that the ionic strength and composition of the buffer used
for the measurements can have a significant influence on the expansion of the DNA helix and
therefore on the measured transfer efficiency. Example histograms of two different DNA rulers
can be found in figure 41.
Figure 40: Design and sequence of the spectroscopic DNA Ruler. The amino group of the
C6-dT in each sequence can be labeled using N-hydroxy-succinimide chemistry. The first
four shorter sequences represent the daughter-strands which can be choosen depending on
the distance needs. The strand labeled “14 BP DNA-Ruler” was produced after the initial
design process to have an intermediate distance between 10 and 20 BP. That is also the reason
why it carries a base pair mismatch after annealing to the mother-strand. The last sequence
represents the mother-strand with the 3‘ attached biotin for surface immobilization.
Figure 41: Example transfer efficiency histograms of DNA rulers labeled with Alexa 488 as
donor and Alexa 594 as acceptor fluorescent dyes. A) Histogram of the 20 base pair ruler.
B) Histogram of the 10 base pair ruler.
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8.3 Data Analysis for TIRFM Experiments
Since photobleaching of the fluorophores in immobilized surface experiments usually takes
longer with TIRFM compared to confocal measurements, these methods can be used comple-
mentarily. Additionally, there is the advantage that one can observe more than one molecule
at a time in TIRFM which can be a significant asset when performing kinetic experiments. In
contrast to confocal experiments, the data collection in TIRFM experiments is performed by
an EMCCD camera. The collected fluorescence image is split by a dichroic mirror according
to the colors of the donor and the acceptor photons and directed onto two different areas
of the CCD chip. By overlaying the two images, it is possible to reconstruct the transfer
efficiency of the molecules on the surface. By processing a movie, instead of a single image,
it is possible to aquire temporal information. The alignment of the donor and the acceptor
images can be complicated due to slight variations in size and orientation. Therefore a novel
strategy using MATLAB29 and the Image Processing Toolbox30 was developed. This soft-
ware environment was chosen because of the built-in image manipulation functions and its
rather high performance on such data structures. In the following section the most important
functions and their application is described.
Due to limitations in memory allocation, it is required to convert the .fits files generated
by the EMCCD camera software to .tiff image stacks. These can then be imported frame by
frame, which reduces the required memory. To best be able to present the code here, some
additional line breaks were introduced.
29R2008b, The MathWorks Inc., Natick, MA, USA
30V6.2, The MathWorks Inc., Natick, MA, USA
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Opening a .tiff stack
Figure 42: tiff2stack matlab code: Opens a .tif stack, adjusts the brightness of the summed
image stacks to allow identification of donor and acceptor spots, cuts out and produces a 3D
data-structure for the donor and acceptor signal.
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Figure 43: tiff2stack contrast adjustment example
Alignment of the donor and acceptor stacks
Figure 44: Alignestack matlab code: opens an interface window where identical points in the
donor and the acceptor window can be manually identified. After local optimization of these
anchoring points using crosscorrelation, the coordinate systems of the two image stacks are
overlaid.
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Figure 45: Identification of identical points in the donor and the acceptor image using the
alignestack function.
Find the ROI‘s
Figure 46: Findrois matlab code: Using the same contrast adjustment window shown in figure
43 the user has to adjust the thresholds of the overlaid donor/acceptor images in such a way
that the background is black and the ROI‘s are white. Based on this adjustment, a black
and white image is generated and neighboring white pixels are united in single ROI‘s. A
data-structure with the coordinates of all the pixels in each ROI is returned.
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Find the local background
Figure 47: Findbackgroundrois matlab code: Due to the possibility of an inhomogeneous
distribution of background fluorescence, a local background taken around the ROI was in-
troduced. This function generates a coordinate data structure where the position of the
background pixels around each ROI is registered.
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Calculate the mean of the ROI‘s and the background values
Figure 48: For speed improvement, accessing the 3D data structures and calculating the mean
of the pixel values within a ROI is packed in the function called getmeanroivalues.
Figure 49: Using the ROI and background coordinates data structures, the donor and acceptor
mean signal and mean background are calculated for each ROI using the MeanRoiGenerator
function.
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Calculate the transfer efficiencies
Figure 50: Using a signal threshold criterion and a gamma constant to correct for differences
in donor and acceptor detection efficiencies, this function calculates the background corrected
transfer efficiency for each ROI.
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Show the identified ROI‘s and background areas
Figure 51: The showRoiOutput function, generates a graphical representation of the identified
ROI‘s and the corresponding background pixels. This can be used to check the functionality
of the code and to check if the if the thresholding is reasonable.
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Figure 52: An example of the graphical output delivered by the showRoiOutput function.
Circles represent ROI pixels and stars the corresponding background area. A problem of
the current implementation can be seen in this picture. Since there are no security marigins
between the ROI‘s and the corresponding background area, there is a certain chance that low
intensity ROI pixels are attributed background area. This should be modified in a future
application.
Generate the transfer efficiency histogram
Figure 53: Matlab code to generate the transfer efficiency histogram.
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Figure 54: Output produced by the generateTotalEhistogram function. As an example, data
from a DNA ruler immobilized on a biotinylated PEG surface was used.
8.4 Photo-Protection and Fluorescence-Enhancement Strategies
8.4.1 Substance Candidates
Based on an extensive search in chemical databases and literature, candidates for photopro-
tection and fluorescence enhancement were selected for single-molecule test experiments. Se-
lection rationals were compunds with known effects on fluorescence bleaching or triplet state
dynamics, radical scavengers, redox active compounds, preservatives or soluble substances
with exposed electron systems which can act as triplet state quenchers. Colorful or fluores-
cent substances were removed from the selection in most cases since they are most probably
unsuitable for single-molecule studies. For this reason, most of the polyphenol candidates had
to be removed from the selection. To get more information about mechanisms and substance
candidates, the reader is referred to the corresponding literature [125, 100, 19, 89, 124, 1, 119,
11, 13, 84]. A list of tested substance candidates can be found in table 4.
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Substance CAS Supplier Suitable
2,4,5-Trihydroxybutrophenone 1421-63-2 SU:47192 Yes
2-Mercaptoethanol 60-24-2 FL:63689 Yes
2,6-di-tert-butyl-4-(hydroxymethyl)phenol (Ionox 100) 88-26-6 SU:47192 Yes
4-Nitrobenzyl alcohol 619-73-8 AL:N1,282-1 Yes
Acetylcysteine 616-91-1 SI:A8199 Yes
Chloramphenicol 56-75-7 FL:23275 No
Cinnamic acid 140-10-3 FL:96340 Yes
Cysteamine 156-57-0 SI:M6500 Yes
Triethylenediamine (DABCO) 280-57-9 AL:D2,780-2 Yes
Diethylhydroxylamine (DEHA) 3710-84-7 AL:471593 Yes
Epigallocatechin gallate 989-51-5 FL:50299 No
Ethylenediaminetetraacetic acid (EDTA) 60-00-4 BS:05142391 Yes
Gallic acid 5995-86-8 SI:27645 No
Glutathione oxidized 27025-41-8 FL:49740 Yes
Glutathione reduced 70-18-8 SI:G4251 Yes
Hydroquinone 123-31-9 RH:15616 Yes
Imidazole 288-32-4 RO:3892.2 No
Lactic acid 79-33-4 SI:L6402 Yes
Nitrous oxide 10024-97-2 PG:610 Yes
Nordihydroguaiaretic acid (NDGA) 500-38-9 SU:47192 No
Methylviologen (Paraquat) 1910-42-5 FL:36541 Yes
Phloroglucinol 108-73-6 FL:79330 No
Butylpyridyloxidenitrone (POBN) 66893-81-0 SI:P9271 No
Propyl gallate 121-79-9 SU:47192 Yes
L-Selenomethionine 3211-76-5 SI:S3132 Yes
Sodium ascorbate 134-03-2 FL:11140 Yes
Sodium azide 26628-22-8 SI:438456 Yes
Sodium sulfite 7757-83-7 SI:71988 Yes
tert-Butylhydroquinone (TBHQ) 1948-33-0 SU:47192 Yes
Trisodium citrate 6132-04-3 SI:S4641 Yes
Trolox 53188-07-1 AL:23,881-3 Yes
Table 4: The substances used for the photo-protection and fluorescence enhancement screen.
In the first column the chemical name of the substance can be found. In the second column,
for rapid identification, the CAS registry number can be found. The third colum indicates
the supplier and the product number for easier identification of the substance tested in this
assay. The suppliers are coded by the following abbreviations: SU: Supelco, FL: Fluka, SI:
Sigma, AL: Aldrich, BS: Biosolve, RH: Riedel-de Häen, RO: Roth, PG: PanGas. The last
column states if the color, purity and fluorescence characteristics of the substance allowed a
single-molecule measurement for the conditions used in this screen. However, it does not state
if there was an improvement upon adding the specific substance.
In addition to the proposed additives the effect of the surfactant used in single-molecule
experiments which is required to avoid adsorption of the proteins to the quartz walls of the
measuring cell was also measured. The following surfactants were tested: NP-40, TX-100,
Brij-35, Brij-58, TX-114, Tween-20. No difference in fluorescence was found by changing
between these surfactants.
To evaluate the substances, the following strategy was used. First the substance was
dissolved or diluted into a standard PBS buffer and checked for background fluorescence at
various concentrations. Only substances with a low background were included in the fol-
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lowing screen. Next a test peptide with Alexa 488 and Alexa 594 fluorescent dyes such as
a labeled polyproline was used to test the influence of the substance at a single-molecule
level. Various concentrations and combinations of substances were screened. To get more
insights about possible photo-protective capabilities, the screen was generally performed at
multiple laser powers. From the number of bursts obtained and the shape of the transfer
efficiency histograms it was already possible to get a first impression about possible effects.
Further analysis such as FCS lead to insights about triplet state population. From burst-size
and burst-time distributions and photon counting histograms it was possible to get infor-
mation about the molecular fluorescence brightness of single molecules. Together with the
distribution of green and red photons within a burst, this data also reports on the occur-
rence of bleaching events. These experimental results allowed us to get a conclusive rating
of the photo-protection and fluorescence-enhancement capabilities of the tested substance or
of combinations of substances. Since single molecules are observed for a significantly longer
time in surface experiments compared to diffusion experiments, photo-protection results in
a significant expansion in the experimentally accessible timescale. Therefore, additional sur-
face experiments using the DNA ruler presented in section 8.2 were performed for selected
substance candidates. Since oxidation of the fluorophores seems to be a common pathway
of photobleaching, various experiments using enzymatic oxygen depletion systems were per-
formed. This usually led to a almost complete loss of the fluorescence signal for the Alexa
488 Alexa 594 dye pair, most probably due to the introduced lack of triplet state quenching
by oxygen. Adding triplet state quenchers such as mercaptoethanol or redox cascades such
as a mixture of ascorbic acid together with methylviologen were not able to fully recover the
signal.
8.4.2 Automated Single-Molecule Experiment
To perform a large scale screen of concentrations, laser powers and substance combinations an
automated sampling system, using single-use wellplates31 with a glass bottom, was developed.
Figure 55 shows the drawings of the holder produced to mount the wellplates on the confocal
microscope. Large plate to plate differences in terms of planarity required the introduction of
adjustment screws to align each wellplate on the microscope stage.
31Glass Bottomed Microplates, PS96B-G175, SWISSCI, Neuheim, Switzerland (http://www.swissci.com/)
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Figure 55: Image and drawings of the wellplate holder. A) Rendered 3D view of the holder.
B) Image of the holder together with a sealed wellplate. The holes and screws for height
adjustment can be seen. C) Bottom view. D) Side view. E) Top view. (Drawings by Bengt
Wunderlich)
The automated stage with a mounted wellplate is shown in figure 56. The 36 outermost
wells should not be used, or if absolutely necessary, some of the remaining wells may be used
with great care, by positioning the objective at the innermost corner of these additional wells.
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Figure 56: Assembled stage, holder and wellplate on confocal microscope for automated single-
molecule measurements. Red arrows indicate the adjustment screws to align the wellplate on
the microscope. To avoid contamination and evaporation, the wells can be sealed with a
transparent, self sealing film. The excitation laser can be seen as a blue light in some wells in
the middle of the plate.
The automated stage is controlled by the remote controller shown in figure 57. This
device can either be controlled by a joystick or remotely by software on the data acquisition
computer. For the alignment of the wellplate and to get the coordinates needed to write the
automated scanning script, the information displayed on the LCD screen can be used. Always
check that the zero point is set correctly. Incorrect parameters can lead to a collision between
the metal stage and the objective which may have fatal consequences for the objective lens.
Figure 57: Remote controller for the automatic stage. The display shows the current position
of the stage. It can be used for alignment and for programming the automated measurement
job. The “CLEAR” and the “RESET” button can be used to set the axes to zero. This should
be done if positioned in the first well. The “SPEED” knob adjusts the repositioning speed by
using the manual (JOY-STICK) control. To control the stage remotely using the computer,
the “JOY-STICK” button has to be set to “AUTO”.
174
The stage and the corresponding measurements can be controlled via a software made
by Daniel Nettels called “Countikon”. In a special configuration window called “xy-list” the
coordinates, the length of the measurement and the filename can be entered. Since this
application can open .txt files, these job files can also be generated automatically by using an
external application such as Wolfram Mathematica. When programming a job, it is important
to consider the fact that water immersion objectives are used. Since evaporation and loss of
water due to relocation may result in problems with focussing, traveling distances of the stage
should be as short as possible. To this end, a meander scheme is most efficient.
Figure 58: Screenshot of the software implementation of the stage remote control. An “xy-
list” such as the one shown here is a simple .txt file with the control instructions. It has the
following file-format: x-position / y-position / measuring time in seconds / filename. Values
are separated by spaces. The correct coordinates can be taken from the controller shown in
figure 57.
By performing measurements using this automated approach presented here, there are a
few important points to keep in mind:
• The displacement between the objective and the wellplate (z-axys) can not be remote
controlled in this setup but has to stay fixed during the whole automatic measurement.
Therefore, due to the non-planarity of the wellplates, which can be up to 75 μm over
the whole plate, closer working distances between objective and the glass bottom of the
well-plate are required compared to those used for standard single-molecule experiments.
This increases the risk of a direct contact between the objective and the glass of the
wellplate, which can lead to scratches on the objective lens. Additionally, dust free
working conditions are absolutely required since small particles between the bottom of
the glass plate and the objective lens may lead to scratches due to the very close working
distance.
• Proper perpendicular alignment of the wellplate relative to the optical axis is crucial for
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reliable measurements. Therefore the adjustment using the adjustment screws should
be performed very carefully. Usually it is best to measure the height of the bottom glass
using the micrometer scale of the focus wheel of the microscope and the back reflection
of the laser over several points in the plate.
• Since these wellplates are made of plastic, chemical stability in terms of substances and
incubation time is very limited. As an example, the manufacturer (Swissci) specifies
a stability of 24h for PBS buffer at room temperature. For a 10% DMSO solution in
H2O this time is reduced to 1h. Generally the plates are incompatible with alcohols
and many other organic solvents.
• Reuse of the wellplates is absolutely not recommended
• Compared to measurements performed in quartz cells, the amount of background bursts
for measurements in the wellplates is significantly increased. Cleaning experiments with
various tensides were performed but no improvement was found. Although it is possi-
ble to perform single-molecule experiments in these plates, application for publication
quality single-molecule data collection is not recommended. Interestingly, the amount
of background bursts seems to be rather stable over time.
8.4.3 Results
After an extensive search for substances and substance combinations for enhancing the flu-
orescence signal and photo-protection using the automated setup introduced in the previous
section, we propose the following promising combinations:
• The most successful combination was the mixture of mercaptoethanol and cysteamine,
which also allowed to study the collapse of unfolded proteins at increased temperatures.
Usually a 1:100 v/v dilution of the liquid mercaptoethanol is used which corresponds
to a concentration of 143 mM. For the cysteamin, the optimal concentration has to be
determined by the user for the specific system of interest. “Optimal” concentrations
ranged from 5-30 mM. An extensive systematic concentration screen of relative concen-
trations of cysteamine and mercaptoethanol revealed an optimal concentration of 150
mM mercaptoethanol and 5 mM cysteamine.
• Another well performing combination, particularly at high irradiation intensities was
mercaptoethanol together with paraquat. 0.1-3 mM paraquat with 300 mM mercap-
toethanol resulted in significant photo-protection at increased laser powers.
• Instead of paraquat it was also possible to use chloramphenicol at low concentrations.
2-4 mM chloramphenicol together with 300 mM mercaptoethanol also resulted in an
improvement of the signal at higher laser powers. However, impurities and/or autoflu-
orescence of chloramphenicol makes the application more difficult. Additionally there
was an issue with long term stability.
It should be re-emphasized that the reported strategies work well for the Alexa 488 / Alexa
594 FRET system in PBS buffer under native conditions. The mercaptoethanol/cysteamin
system was also successfully applied in different buffers, at different temperatures and in the
presence of GdmCl. If different conditions or fluorescent dyes are used, then there is the need
to repeat such a screen. It is also very important to mention that long-term stability of the
additives and combinations of additives have to be considered. Since these are redox active
systems, side reactions such as oxidation and therefore degradation are to be expected. This
is an important consideration for long-term experiments and proper storage of the substances.
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DLS Dynamic light scattering
DSE Denatured state ensemble
ESI-MS Electrospray ionization mass spectrometry
FCS Fluorescence correlation spectroscopy
FPLC Fast protein liquid chromatography
FRET Förster resonance energy transfer
GdmCl Guanidinium hydrochloride
Gly Glycine
GroEL/ES Bacterial chaperone GroEL with co-chaperone GroES
His-Tag Hexahistidine Tag
HPLC High-performance liquid chromatography
IDPs Intrinsically disordered proteins
IN N-terminal domain of HIV-1 integrase
IRF Instrumental response function
MD Molecular Dynamics
ns-FCS High resolution fluorescence correlation spectroscopy
NSOM Near-field scanning optical microscopy
PET Photoinduced electron transfer
RASP Recurrence analysis of single particles
SAXS Small angle X-ray scattering
Ser Serine
SPAD Single photon avalanche photodiodes
SR1 Single-ring variant of GroEL




CspTm Cold shock protein from Thermotoga maritima
Rg Radius of gyration
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